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Abstract. Obtaining an ultra-low carbon content in steel at a level of less than 0.002 % is a critically important task of modern metallurgy, which 

determines the quality of such high-tech products as electrical, superferritic and austenitic stainless steels. In the presented study, an in-depth 
comprehensive analysis of the kinetics and mechanisms of decarburization of a metallic melt under conditions of a circulating vacuum unit 
(CVA/RH process) was carried out. Five competing processes were studied in detail: desorption of gases from the melt surface, homogeneous 
formation of carbon monoxide bubbles in metal volume, heterogeneous formation of bubbles on lining surface, diffusion of an inert carrier gas 
into bubbles, and intense interaction of metal sprays with a vacuum medium. The dominant mechanism of carbon removal is the homogeneous 
formation of {CO} bubbles in the melt depth, the efficiency of which is 25 times higher than the efficiency of bubble formation on the lining. 
Microstructural and X-ray spectral analyses confirmed that nonmetallic inclusions (5 – 140 μm in size) are present in the non– deoxidized metal, 
which can serve as active centers of {CO} bubble nucleation. Based on the industrial tests, optimization of technological parameters was proposed: 
reduction of the inert gas flow rate to 80 m3/h to increase the contact surface of the phases and the residence time of bubbles in the melt, strict 
observance of the holding time before casting in the range of 20 – 30 min, as well as the mandatory use of carbon-free lining in the steel ladle to 
minimize secondary carburization. The integrated application of these measures makes it possible to consistently achieve a target carbon content 
of less than 0.002 %, which is confirmed by industrial practice. 
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 Introduction

Modern requirements for steel quality, especially 
for electrical and special grades, necessitate reducing 
the carbon content to ultra-low values (<0.002 %). In cir-
culation vacuum degassers, this process is complicated 
by many interrelated factors, including reaction kinetics, 
melt hydrodynamics, and lining properties [1 – 5].  

 Materials and methods

The studies were carried out on industrial RH-process 
units using:  

– microstructural analysis of metal samples;
– X-ray microanalysis of inclusions;
– theoretical calculations of phase interaction areas;
– industrial trials with variation of  process parame

ters [6].

 Results and discussion

The present work analyzes the following mechanisms 
of carbon removal under reduced pressure in a circulation 
vacuum degasser (shown in Fig. 1) [1 – 3; 7; 8]: 

1 – desorption of gases from the melt surface; 
2 – formation of {CO}bubbles in the melt depth;
3 – formation of {CO}bubbles on the lining surface;
4 – diffusion of the inert gas supplied through the inlet 

snorkel into the bubbles;
5 – interaction of  metal sprays with the  vacuum 

medium in the vacuum chamber.
Mechanisms 1, 4, and 5 operate in the diffusion mode 

and depend on the area of  interaction between the melt 
and the gas medium, whereas mechanisms 3 and 4 depend 
on the number of formed {CO} bubbles [9; 10]. 

Theoretical calculations showed that the interaction area 
for mechanisms 4, 1, and 5 is 60, 6, and 1 m2, respectively. 
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Аннотация. Получение сверхнизкого содержания углерода в стали на уровне менее 0,002 % является критически важной задачей совре-

менной металлургии, определяющей качество таких высокотехнологичных продуктов, как электротехнические, суперферритные и аусте-
нитные нержавеющие стали. В представленном исследовании проведен углубленный комплексный анализ кинетики и механизмов 
декарбонизации металлического расплава в условиях циркуляционного вакуумного агрегата (ЦВА/RH-процесс). Детально изучены пять 
конкурирующих процессов: десорбция газов с поверхности расплава, гомогенное образование пузырьков оксида углерода {СО} в объеме 
металла, гетерогенное формирование пузырьков на поверхности футеровки, диффузия инертного газа-носителя в пузырьки и  интен-
сивное взаимодействие металлических брызг с вакуумной средой. Доминирующим механизмом удаления углерода является гомогенное 
образование пузырьков {СО} в глубине расплава, эффективность которого в 25 раз превышает эффективность формирования пузырьков 
на футеровке. Микроструктурный и рентгеноспектральный анализы подтвердили, что в нераскисленном металле присутствуют неме-
таллические включения (размером 5 – 140 мкм), которые могут служить активными центрами зарождения пузырьков {СО}. На основе 
промышленных испытаний предложена оптимизация технологических параметров: снижение расхода инертного газа до  80 м3/ч для 
увеличения поверхности контакта фаз и времени пребывания пузырьков в расплаве, строгое соблюдение времени выдержки перед 
разливкой в интервале 20 – 30 мин, а также обязательное применение безуглеродной футеровки в сталеразливочном ковше для миними-
зации вторичного науглероживания. Комплексное применение этих мер позволяет стабильно достигать целевого содержания углерода 
менее 0,002 %, что подтверждено промышленной практикой. 

Ключевые слова: циркуляционный вакууматор, ультранизкое содержание углерода, декарбонизация, пузырьки, футеровка, кислород, сталь
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Thus, the main mechanism of carbon removal in the diffu-
sion mode through {CO}formation is mechanism 4.

The rate of carbon removal from the melt by mecha-
nisms 2 and 3 depends on the concentrations of oxygen 
and carbon in the  metal, on the  contact area between 
the lining and the melt (mechanism 3), and on the volume 
of  treated metal (mechanism  2). Theoretical calcula-
tions show that, under identical technological parameters 
of melt treatment, mechanism 2 is 25 times more efficient 
than mechanism 3.

However, for an objective assessment of  carbon 
removal through formation of  {CO} bubbles (mecha-
nism 2), it is necessary to consider the conditions and pos-
sibility of their formation [8; 11]. Formation of gas bubb
les in the melt depth is possible in the presence of various 
microinhomogeneities or on the surface of microparticles 
in the melt. To determine the presence of microparticles 
in the melt, a metal sample was taken from the converter 
heat during temperature measurement, before the deoxi-
dation/alloying operation. For this purpose, an immersion 

sampler was used, from which the  deoxidizing element 
had been removed in advance. After polishing of the test 
sample, a microstructural analysis was performed to iden-
tify nonmetallic inclusions in it, shown in Fig. 2 [5]. 

The study results revealed the presence of nonmetallic 
inclusions of various sizes, from 5 to 140 μm (Fig. 3) [5]. 
In addition, the elemental composition of  the nonmetal-
lic inclusions identified in the sample was determined by 
X-ray microanalysis using a Quanta Inspect S200 scan-
ning electron microscope equipped with a Trident-XM4 
system. The results are shown in Fig. 4 [5].

The data shown in Figs. 3 and 4 indicate that the compo-
sition of the nonmetallic inclusions corresponds to the com-
position of  the slag formed in the converter, that is, even 
in non-deoxidized metal (before treatment in the vacuum 
chamber), nonmetallic inclusions are present that can serve 
as the basis for the formation of {CO} bubbles.

Thus, it was established that the  main mechanisms 
of  carbon removal in a circulation vacuum degasser 
are the  formation of {CO} bubbles in the melt (mecha
nism  2)  [12 – 14] and the  diffusion mode (mecha-
nism 4) [15; 16].

When considering the process of carbon removal from 
the metal, it is necessary to  take into account the  input 
of  this element from the lining. To achieve an ultra-low 
carbon content in steel (less than 0.002 %), it is advisable 
to intensify the degassing mechanisms and reduce carbon 
input from refractory materials.

Fig. 1. Gas removal mechanisms in a circulation vacuum degasser

Рис. 1. Механизмы удаления газов в циркуляционном вакууматоре

Fig. 2. Sample for investigation of non-metallic inclusions

Рис. 2. Образец для исследования неметаллических включений

Fig. 3. View of nonmetallic inclusions

Рис. 3. Вид неметаллических включений
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Fig. 6. Change in carbon content over the time after repair/cleaning  
of gas duct

Рис. 6. Изменение содержания углерода в металле  
с течением времени после ремонта/очистки газохода

Mechanism 2 of carbon removal (formation of {CO} 
bubbles in the  depth of  the  melt) can be intensified by 
increasing the  number of  inhomogeneities in the  melt, 
which is achieved by preliminary deoxidation of  over-
oxidized metal with aluminum before vacuum treatment. 
For example, at one plant the deoxidation operation using 
aluminum is permitted to achieve an oxygen concentra-
tion of  400 ppm before decarburization in a circulation 
vacuum degasser. According to  theoretical calculations, 
the  optimal values of  carbon and oxygen concentration 
in the melt before vacuum treatment are: [С] = 0.043 %, 
i.e., [О] = 576.87 ppm.

The rational gas flow rate in the  inlet snorkel 
of the circulation vacuum degasser depends on the state 
of the lining. In vacuum chambers (140 – 170 t), a large 
amount of  gas is supplied to  intensify decarburization 
processes, which may lead to an increase in bubble size 
and a decrease in decarburization efficiency [17 – 19]. 

For example, at one metallurgical plant, a mode 
of  deep decarburization of  the  melt in an RH vacuum 
degasser was developed. To increase the contact surface 
between the  metal and the  gas phase, the  transport gas 

flow rate was reduced from 140 to 80 m3/h, which made 
it possible to  achieve a carbon content of  0.003 % and 
lower in the finished steel [7].

Another factor affecting the carbon content is the hold-
ing time of the metal before casting. The optimal holding 
time before casting is 20 – 30 min, taking into account 
all related operations such as crane handling, sampling, 
measurements, and others. An increase in this time may 
lead to a rise in carbon content, whereas a shorter holding 
time may result in unstable parameters during continuous 
casting, as illustrated in Fig. 5.

Carbon content is also influenced by other factors, 
including the  operability of  the  ejectors and the  degree 
of  their wear. Regular inspection of  the  ejectors and 
assessment of  their condition are necessary, since this 
directly affects the system’s ability to reach low pressure. 
In practice, it has been observed that the faster the pres-
sure drops below 100 Pa, the  higher the  probability 
of  effective carbon removal and of  achieving a carbon 
content below 0.002 % in steel.

An important factor is the  cleanliness of  the  off-
gas system. The presence of  contamination in the  form 
of slag-metal deposits in the gas duct system, particularly 

Fig. 4. Composition of a non-metallic inclusion

Рис. 4. Проба и состав неметаллического включения

Fig. 5. Final carbon content vs metal holding time before casting

Рис. 5. Зависимость конечного содержания углерода от времени 
выдержки металла перед разливкой
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in the  gas duct elbow, prevents the  system from reach-
ing low pressure and, as a consequence, hinders carbon 
removal (Fig. 6).

The final carbon content can also be affected by the lin-
ing  [18; 20]. In this case, the  residual carbon content 
depends on the amount of carbon dissolved from the lin-
ing of the steel ladle. Studies have shown that replacing 
carbon-containing refractory materials with carbon-free 
or low-carbon materials in the bottom area and lower part 
of  the  ladle walls significantly reduces the  overall rate 
of carbon dissolution from the lining (by 60 %) [7].

 Conclusions

The main mechanisms of  metal decarburization in 
a circulation vacuum degasser are the formation of {CO} 
bubbles in the melt volume and purging with inert gas. 
The key technological parameters are a gas flow rate 
of 80 m3/h and a holding time of 20 – 30 min. 

The use of  carbon-free lining significantly reduces 
carbon input into the melt.
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