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Carbon and oxygen behavior in the RH degasser with carbon powder addition
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Abstract: For ultra-low-carbon (ULC) steel production, the higher oxygen content before Ruhrstahl-Heraeus (RH) decarburization (de-C)
treatment could shorten the de-C time in the RH degasser. However, this would lead to oxidation rates being exceeded by molten steel pro-
duction, affecting ULC steel surface quality. In this work, a carbon powder addition (CPA) process was proposed to reduce the dissolved
oxygen content at the end of RH de-C through addition of carbon powder to molten steel in the vacuum vessel. Carbon and oxygen behavior
during the CPA and conventional process was then studied. The results demonstrated that the de-C rate with CPA was lower compared to the
conventional process, but the carbon content at the end of de-C presented no difference. The de-C reaction for CPA process took place in the
four reaction sites: (1) within the bulk steel where the spontaneous CO bubbles form; (2) splashing area on the liquid steel surface; (3) Ar
bubble surface; (4) molten steel surface. The CPA process could significantly reduce the dissolved oxygen content at the end of de-C, the
sum content of FeO and MnO in the slag, the aluminum consumption, and the defect rate of rolled products. This was beneficial in improving

ULC steel cleanliness.
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1. Introduction

The Ruhrstahl-Heraeus (RH) is a widely utilized vacuum
device in secondary refining, involving many metallurgical
functions, such as decarburization (de-C), deoxidization, de-

gassing, desulfurization, inclusion removal, and alloying [1-3].

The content of carbon in liquid steel ([C]) should be below
15 x 107 to ensure cold-rolled sheet formability. In addition,
the content of dissolved oxygen in liquid steel ([O]p) at the
end of de-C should be controlled to ensure the surface-quality
requirements of the cold-rolled sheet [4—6]. Consequently, a
major problem in the production of ultra-low-carbon (ULC)
steel is the coordinated control of carbon and oxygen in the
liquid steel.

Many studies have been conducted to understand these
problems. In most cases, the increasing liquid-steel circula-
tion rate could decrease both the de-C time and [C] content,
both of which are functions of the parameters of the RH
equipment and operation, such as increasing the diameter
of snorkels [7], using the oval snorkels [8], using the mul-
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ti-snorkels [9—-10] and increasing the rate of gas-lifting
flow [11]. Lower RH slag oxidizability and the reduction in
the number of inclusions could effectively improve the sur-
face quality of the cold-rolled sheet [12-14]. Many meas-
ures could reduce the number of inclusions, including forced
de-C, which reduces the total oxygen (T.O) content in liquid
steel during tapping of the converter and end de-C from the
RH [5,15-16]. Reasonable converter-end-point control
ensures good steel conditions before RH treatment; however,
due to the effects of furnace conditions, furnace type, com-
bined blowing, operation parameters, scrap concentration,
and raw material, the end point of the converter is not stable.

Fig. 1 shows the relationship between [C] content and
[O]p content before RH de-C treatment in the Magang
(Group) Holding Co., Ltd. (Masteel for short), China. In re-
gion A, 95% of the heats were sufficient to satisfy the re-
quirement for natural de-C. In region B, all heats used forced
de-C. In these two regions, the [O]p content at the end of
de-C could be controlled within 200 x 10°-300 x 10°. In re-
gion C, the higher [O]p content could shorten the time of
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de-C in the RH. However, the higher [O]p amount would
lead to excess oxidation of the molten steel, consequently in-
creasing aluminum consumption and ALO;-inclusion amounts,
as well as increasing oxidizability in the slag, which ad-
versely affects the cold-rolled sheets surface quality [17—18].
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Fig. 1. Relationship between [C] content and [O]p content prior
to RH de-C.

In this paper, a process is proposed to reduce the [O]p at
the end of RH de-C through the addition of carbon powder
to the molten steel in the vacuum vessel during RH. The ef-
fects of de-C and oxygen behavior following carbon powder
addition (CPA) and the conventional process were clarified
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and compared, and the de-C mechanism for the CPA process
was studied. Afterward, industrial trials were conducted to
study the effect of CPA on the aluminum consumption and
the defect rate of rolled products.

This study is a portion of a large-scale research project,
where a CPA pre-deoxidization of the RH process is devel-
oped and performed.

2. Materials and methods
2.1. Experimental procedure

The total production route was: Kanbara reactor
(KR)—Basic Oxygen Furnace (BOF)—RH—Continuous
casting, and the experiments were carried out with the 300 t
ladle in the Masteel, during the RH process. The RH
equipment parameters are shown in Table 1. The other cru-
cial experimental conditions are shown in Table 2, while the
initial compositions are close. The tests were divided into
conventional and CPA processe. The production procedures
for the two RH processes are shown in Fig. 2. In the CPA
process, the addition time of the carbon powder was 3 min
subsequent to vacuum, while the added amount was 50 kg. To
prevent splashing during the CPA process, the added amount
of carbon powder was not more than 20 kg at a time, and the
time interval was 30 s.

Table 1. Parameters of RH vacuum degasser

Ladle capacity / t Vacuum inner diameter / mm Snorkel inner diameter / mm Vacuum pumping capacity / (kg-h™")
300 2500 750 1200
Table 2. Various parameters during conventional and CPA process
Process [C] content / 107 [O]p content/ 107 Temperature / °C Carbon powder amount / kg
Conventional process 231 622 1615 —
CPA process 233 630 1611 50
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Fig. 2. Diagrammatic scheme of two RH processes: (a) conventional process; (b) CPA process.
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2.2. Sampling and analysis

The RH degasser schematic diagram is shown in Fig. 3.
The carbon powder was added to the molten steel through
an alloy pipe, located at the upper part of the vacuum vessel.
The gas evolution during RH process was analyzed and rec-
orded with an infrared gas analysis system. The vacuum
pressure variation was observed with the vacuum gauge.
Also, the reaction during the CPA was recorded with a video
camera installed in the vacuum vessel. Fig. 4 shows the CPA
process image, which was recorded with the video camera.
The particle size distribution of the carbon powder was 1-5
mm as shown in Fig. 5, of which, 73% were concentrated
within 1.5-3.5 mm.

During the de-C reaction, the industrial samples were
taken by the ULC sampler every 1-2 min subsequent to the
vacuum stored in the ladle near the down-snorkel. Carbon
analysis of the samples was conducted through combus-
tion-infrared absorptiometry with an electrical resistance
furnace. The real-time changes of the [O]p content and the
temperature of liquid steel were analyzed with a Heraeus
oxygen probe. In order to ensure the consistency of the test
results, certain process parameters were set to a fixed value,
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Fig.3. Schematic of RH degasser for steel refining.
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Fig. 4. Industrial test of CPA process in vacuum vessel.
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Fig. 5. Distribution curve of carbon powder particle size.

such as Ar flow rate in the upper snorkel, RH vessel dimen-
sions, steel composition entering RH vessel, and snorkels’
immersion depth.

3. Results and discussion
3.1. Effect of CPA on de-C in RH process

The [C] content change during RH de-C of the two
processes is showed in Fig. 6(a). For conventional process,
when the vacuum started at 0 to 4 min, the [C] content
dropped quickly to 50 x 107, while the [C] content was re-
duced to approximately 10 x 107 at 15 min. For CPA
process, following the powder addition, the [C] content in-
creased, but after approximately 1 min, the [C] content
began to decrease abruptly from 100 x 107 to 50 x 107
within 4 min, while the [C] content fell to 10 x 107° at
16 min.

Vacuum pressure and variation of CO concentration are
key factors in the de-C rate and could explain the rate
change during the de-C reaction [19]. Fig. 6(b) presents the
evolution of vacuum pressure in the vacuum vessel. It is
clear that, for conventional process, the vacuum level in the
RH vessel dropped from 1 x 10° Pa to below 100 Pa quickly
and then maintained until the end of RH de-C. For CPA
process, the vacuum level coincided with the conventional
process level before the CPA. Moreover, with the CPA, the
vacuum level increased sharply from 1.8 x 10* to 3.0 x 10*
Pa. The main reason for the increased pressure is that a
large amount of CO is produced instantly in the CPA
process, whereas, due to the strong reaction between [O]p
and C powder in the vacuum vessel, the generated CO ex-
ceeded the exhausting capacity of the vacuum pump,
which controlled the pressure of the vacuum vessel. The
CO concentration variation is shown in Fig. 6(c). For the
conventional process, the CO concentration peaked at 4
min. For CPA process, the CO concentration peak was ap-
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parently higher and its peak was attained at a slower rate
compared to that with the conventional process, indicating
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that the carbon-oxygen reaction was more intense follow-
ing the CPA.
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Fig. 6. Changes in [C] content (a), evolution of pressure in the RH vacuum vessel (b), variation of CO concentration (c), and changes in

apparent de-C rate constant (d) during RH de-C.

The apparent de-C rate constant, K¢, was regarded as a

characteristic parameter of the RH de-C rate [20-21]. Fig.
6(d) shows the K¢ change for different processes. The RH
de-C was assumed to be a first-order reaction and the K¢
was calculated through Eqgs. (1) and (2) as follows:
w[C], = w[C] -exp(=K - 1) (1
K =—In(w[C], / w[Cly) /¢ o)
where w[C], is the initial carbon content in the molten steel;
w[C]; is the carbon content in the molten steel with time;
K¢ is apparent de-C rate constant (min'); 7 is de-C time
(min).

For conventional process, the de-C reaction was divided
into two stages: Stage-I1 (quick de-C period) and Stage-II
(slow de-C period). In Stage-I, the K¢, value was high due
to the high initial [C] content and [O]p content, which pro-
vided a high de-C reaction rate. Approximately 95% or
more of the total [C] content was removed in this stage.
When the [C] content dropped below 15 x 10, the de-C
changed to Stage-II. For CPA process, the de-C reaction was
divided into four stages. In Stage-I (initial de-C period), the
de-C rate was also high and the [C] content decreased from

233 x 107 to 100 x 107, In Stage-II (stagnant de-C period),
the K¢, value was approximately —0.53. The reasons for this
phenomenon include: (1) vacuum level increased sharply
due to the large amount of CO produced during the CPA
process; (2) the oxygen in the vacuum vessel was con-
sumed, and there was not enough oxygen to participate in
the de-C reaction; (3) some carbon powder was dissolved
in the molten steel during CPA. In Stage-III (quick de-C
period), after the CPA, the de-C rate increased rapidly and
the [C] content decreased from 165 x 107 to 13 x 107,
while the K;value curve for the CPA process and the K¢
value curve for the conventional process were parallel. Si-
milarly to the conventional process, when the [C] content
dropped below 15 x 107, the de-C changed to the slow de-C
period (Stage-1V).

Through the aforementioned analysis, compared to the
conventional process, the de-C rate for the CPA process was
lower, while the effect of CPA on the de-C rate was concen-
trated in the early period. However, due to the equilibrium
[C] content being mainly determined by the CO partial
pressure, the O activity in the molten steel (a[O]), and the



J.L. Guo et al., Carbon and oxygen behavior in the RH degasser with carbon powder addition 685

reaction ([C] + [O] = COy) equilibrium constant, the [C]
content at the end of de-C in both processes presented a
slight difference.

3.2. Behavior of [O] with CPA process

Fig. 7 shows the changes in [O]p concentration during
RH de-C. Under the same initial conditions, the [O]p con-
tent at the end of de-C for CPA process was obviously lower
than that for the conventional process. The [O]p content dif-
ference was 72 x 107, when 50 kg of carbon powder were
added at the [C]/[O] mass ratio of 0.37. The changes in [O]p
content for the CPA process could be divided into three
stages when compared to the conventional process. In
Stage-1 (0-3 min), the [O]p content was reduced by 100 X
10°-120 x 107 and the [O]p content change curve was
consistent under the two different processes. In Stage-II
(3-8 min), the [O]p content for the conventional process
was higher compared to the CPA process. The [O]p content
difference was 69 x 107 at the end of Stage-II. In Stage-III
(8 min to end of de-C), as the de-C reaction occurred, the
[O]p content continued to decrease; however, the reduction
was not apparent. It could be observed from the [C] content
change, as presented in section 3.1, that the [C] content
dropped to about 50 x 10~ when the de-C was at 8 min and
the [C] reduction was very low. Consequently, the oxygen
decrease was low.
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Fig. 7. Changes in [O]p content during RH de-C with CPA and
conventional processes.

It could be observed from the latter analysis that the ef-
fect on the [O]p content for the CPA process was mainly
concentrated in Stage-II (3—8 min). Following the CPA,
carbon powder reacted with the [O]p quickly, achieving the
goal of pre-deoxidation.

A higher [O]p content at the end of de-C might cause the
over-oxidation of the molten steel. Therefore, in the ULC
steel, the slag composition should be controlled to effec-
tively improve the cleanliness of the molten steel. The
(Ca0)/(Al,05) mass ratio was controlled to within 1.2 and
2.0, while the sum content of FeO and MnO in the slag
((FeO + MnO)) was controlled low [12,22]. The slag com-
positions for different processes are shown in Fig. 8.
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Fig. 8. (FeO+MnO) content changes in conventional process (a) and CPA process (b).

For conventional process, the (FeO + MnO) content de-
creased from 10.98wt% to 9.71wt%, for a decrease of
1.27wt%. Moreover, for the CPA process, the (FeO + MnO)
content decreased from 11.32wt% to 8.44wt%, for a de-
crease of 2.88wt%. This indicated that the main difference
in slag composition between the two processes was apparent
in the decreased oxidation-capacity values. For the CPA
process, the (FeO + MnO) content decreased by a higher
margin, whereas the effect of reoxidation from the RH slag
on the molten steel was lower. Therefore, the CPA process

had the positive impacts on the [O]p reduction at the end of
de-C as well as oxidation-slag reduction.

3.3. Modeling of de-C reaction in RH degasser

The mechanism of de-C in the RH degasser has been
presented frequently in the literature. For the conventional
process, the de-C mechanism is shown in Fig. 9(a), while
the reactions were as follows [3,23-25]: (1) spontaneous CO
bubbles formation within bulk steel; (2) reaction on Ar bub-
ble surface; (3) reaction on molten steel surface.
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Fig. 9. Schematic drawing of reaction mechanisms of de-C in RH degasser: (a) conventional process; (b) CPA process.

For CPA process, the de-C mechanism changed. The
change in appearance of the molten steel surface under the
CPA process is presented in Fig. 10. When the pressure in
the vessel was reduced to 2.25 x 10* Pa, the rapid evolution
of CO bubbles was observed due to higher initial [C] and
[O]p contents, while the evolution of CO bubbles was ob-
served at the surface of the molten steel, as shown in Fig.
10(a). Fig. 10(b) presents the CPA process. Following CPA
for 10 s, a violent reaction occurred on the molten steel sur-
face and a severe splash occurred in the vacuum vessel, as

shown in Fig. 10(c). The pre-deoxidization reaction was
completed within 30 s, while the spatter was highly reduced,
as shown in Fig. 10(d), and the appearance of the mol-
ten-steel surface was the same as before the CPA. When the
[C] content decreased to 50 x 10 °~100 x 10°°, the CO evo-
lution was only observed at the interface of the molten steel,
as shown in Fig. 10(e), while the CO concentration started to
drop quickly. When the [C] content was decreased to less than
50 x 107, the CO evolution was hardly observed. Moreover,
the molten steel surface became quiet, as shown in Fig. 10(f).

Fig. 10. Changes in appearance of molten steel surface under carbon addition: (a) 2.25 X 10* Pa, w[C] = 175 x 107%; (b) 2.5 x 10* Pa,
w[C] =100 x 107 (c) 2.7 x 10* Pa, w[C] =105 x 107%; (d) 3.0 x 10" Pa, w[C] = 126 X 10 (e) 1.0 x 10* Pa, w[C] =50 x 10°-100 x 105; ()

1x10* Pa, w[C] <50 x 107,

Therefore, the reaction mechanism of the de-C for the
CPA process is described as shown in Fig. 9(b), while the

reactions sites were as follows: (1) within the bulk steel,
where the spontaneous CO bubbles form was the dominant
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site in the beginning of RH process; (2) the main sites,
where the de-C reaction occurred, were the splashing area
on the liquid steel surface in the vacuum vessel; (3) Ar-bubble
surface; (4) molten-steel surface. Following CPA, the C
content increased sharply. The reaction of [C] and [O] in
molten steel is limited due to the reaction of C powder and
[O] in vacuum vessel, while the [C] content was no longer
reduced as described in section 3.1. The mass transfer of [O]
to the metal-gas surface was the limiting factor. Once the [C]
content was lowered to 50 x 107, the de-C reaction rate in
the bulk steel was significantly decreased and the dominant
reaction sites were Ar-bubble surface and molten-steel sur-
face.

3.4. Aluminum consumption and total oxygen in steel

From the aforementioned analysis, it could be observed
that for the CPA process, the [O]p content at the end of de-C
and the RH slag reoxidation ability were significantly lower
compared those with the conventional process. To further
verify the effect of CPA on the cleanliness of the steel,
[O]p content at the end of de-C and the aluminum con-
sumption of 100 heats in the industrial production were
compared. The results are shown in Fig. 11. Compared to
the conventional process, the average content of [O]p at
the end of de-C for the CPA process was decreased by 89 x
10°, while the aluminum consumption was decreased by
0.18 kg/t, and the defect rate of rolled products decreased
from 2.2% to 1.3%. Therefore, the CPA process could not
only reduce the aluminum consumption and cut the pro-
duction costs, but also could significantly improve slab

quality.
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Fig. 11. Comparison of [O]p content at end of de-C and Al con-
sumption for conventional and CPA processes.

4. Conclusions

In the present work, a pre-deoxidation method was
adopted, adding carbon powder for ULC steel, to investigate
and compare the [C] and [O] behavior in the RH degasser
with the conventional process. The following conclusions
could be drawn.

(1) For the CPA process, the change of [C] content was
increased following the CPA. Following the addition of
carbon powder for 1 min, the de-C reaction proceeded fur-
ther. The de-C rate of the CPA process was lower compared
to that of the conventional process, but the [C] content at the
end of de-C was slightly different.

(2) The pre-deoxidation for the CPA process was com-
pleted within 5 min following CPA, whereas the CPA
process could significantly reduce the [O]p content at the
end of de-C as well as the (FeO + MnO) content.

(3) For the CPA process, spontaneous CO-bubbles for-
mation within bulk steel was the dominant mechanism at the
beginning of the RH process; with CPA, the main de-C site
was the splashing area on the liquid-steel surface in the va-
cuum vessel; when the content of [C] dropped below 50 x
107, the bath and bubble surfaces were the major sites of
de-C.

(4) The industrial production data demonstrated that the
CPA process could reduce [O]p at the end of RH by 89 x
10° and aluminum consumption by 0.18 kg/t, the defect
rate of rolled products decreased from 2.2% to 1.3%, CPA
was beneficial in improving ULC steel cleanliness.
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