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Abstract: Low residual-free-oxygen before final de-oxidation was beneficial to improving the cleanness of ultra-low-carbon steel. For ul-
tra-low-carbon steel production, the coordinated control of carbon and oxygen is a precondition for achieving low residual oxygen during the 
Ruhrstahl Heraeus (RH) decarburization process. In this work, we studied the coordinated control of carbon and oxygen for ultra-low-carbon 
steel during the basic oxygen furnace (BOF) endpoint and RH process using data statistics, multiple linear regressions, and thermodynamics 
computations. The results showed that the aluminum yield decreased linearly with increasing residual oxygen in liquid steel. When the mass 
ratio of free oxygen and carbon ([O]/[C]) in liquid steel before RH decarburization was maintained between 1.5 and 2.0 and the carbon range 
was from 0.030wt% to 0.040wt%, the residual oxygen after RH natural decarburization was low and easily controlled. To satisfy the re-
quirement for RH decarburization, the carbon and free oxygen at the BOF endpoint should be controlled to be between 297 × 10−6 and 400 × 
10−6 and between 574 × 10−6 and 775 × 10−6, respectively, with a temperature of 1695 to 1715°C and a furnace campaign of 1000 to 5000 
heats. 
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1. Introduction 

The main functions of a basic oxygen furnace (BOF) are 
decarburization and dephosphorization by oxygen injection 
from the top lance [1]. During the BOF smelting process, 
elements C, Fe, Si, Mn, and Ti in liquid steel, along with 
heterogeneous slag with gas bubbles and solid materials, 
participate in reactions; thus, the BOF smelting process is 
highly complicated. Good BOF endpoint control is neces-
sary and important for clean steel production [2−4]. Main-
taining a high hit rate at the BOF endpoint on the sole basis 
of operator judgment is difficult; automated control has 
therefore gradually become a trend. At present, BOF end-
point control methods are based primarily on sublance 
technology, the real-time measurement of off-gas composi-
tion, or both [5−7]. BOF endpoint hit rates that include the 
carbon and phosphorus contents and the temperature have 
been successfully predicted on the basis of sublance or 

off-gas composition measurement results and dynamic con-
trol models (e.g., neural network models, multiple regres-
sion models, self-learning models, etc.) [8−10]. In fact, sub-
lance or real-time measurements of off-gas composition 
combined with dynamic control models enable the precise 
prediction of BOF endpoint. Thus, the determination of 
reasonable conditions such as temperature and car-
bon/oxygen contents has become another key point for the 
production of high-quality steel. Good conditions at the 
BOF endpoint can guarantee control during the next stage 
and steel cleanness [11−12]. Ultra-low-carbon intersti-
tial-free steel (IF steel) is widely used in the automobile and 
appliance industries; because of the low carbon (< 20 × 10−6) 
and nitrogen (< 30 × 10−6) contents of the steel, the carbon 
and nitrogen contents are strictly controlled during the 
whole steelmaking process. Control of the conditions related 
to the BOF endpoint and RH treatment, such as the tem-
perature of liquid steel and its carbon and free oxygen con-
tents, are extremely important for minimizing production 
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costs and maximizing steel quality. 

2. Experimental method and process 

In this paper, we focused on the coordinated control of 
carbon and oxygen during the BOF and RH process for the 
production of IF steel. The target chemical composition is 
listed in Table 1. The experiments were performed at 
Shougang Qian’An Iron & Steel Works. The production 
process is described as follows: 210-t BOF → RH decar-
burization → Al-killed and Ti stabilized → 60-t tundish → 
1200 mm × 210 mm continuous casting slab. 

Table 1.  Target chemical composition of steel grade A  wt% 

[C] [Si] [Mn] [P] [S] [Al]T [Ti] [N] 

≤ 0.002 ≤ 0.020 0.130 ≤ 0.009 ≤ 0.010 0.030 0.070 ≤ 0.004

 
To obtain reasonable process control conditions for the 

BOF endpoint and RH treatment, 590 heats process data 
were recorded over a period of 12 consecutive months. The 
BOF data included hot-metal information (including tem-
perature, composition, adding time, etc.), smelting informa-
tion (including furnace campaign, heat number, oxygen 
blowing pressure and flow, blowing time, scrap amount, 
etc.), and endpoint information (including compositions of 
the liquid steel at different times, free oxygen content, tem-
perature, sampling time, etc.). RH data included information 
about the liquid steel (including composition, temperature, 
free oxygen content before and after RH decarburization, 
etc.), and RH refining information (including weight of the 
liquid steel, alloy weight and addition time for de-oxidation 
and alloying, vacuum time and circulation time, oxygen 
blowing amount, etc.). 

First, the data were sorted according to the heat number. 
Second, incomplete heat data were filtered and removed. 
Here, incomplete heat data refers to heats where three or 
more of the aforementioned data points were missed in the 
same heat. After data filtering, 489 heats with complete data 
remained. On the basis of process data analysis, reasonable 
process control conditions for ultra-low-carbon steel pro-
duction in a 210-t BOF and RH system are summarized. Fi-
nally, a verification experiment was performed using the op-
timized conditions. 

3. Results and discussion 

3.1. Coordinated control of carbon and oxygen in the 
BOF process 

The product of carbon content and free oxygen content in 

liquid steel ([C]·[O] product) can be used to evaluate the 
status of the equilibrium. We divided the data for the 489 
heats into different groups according to temperature and 
BOF furnace campaign sequences to investigate the average 
change in [C]·[O] product at the BOF endpoint and to com-
pare the relationship between the average [C]·[O] product 
and the temperature or furnace campaign at the BOF end-
point. 

Fig. 1 shows the relationship between the average [C]·[O] 
product and temperature. Here, the 489 heats were divided 
into six groups according to the change in temperature. The 
temperature ranges in the first and last groups are below 
1695°C and above 1735 °C, respectively; 17 and 54 heats 
were categorized into the first and last groups, respectively. 
Between the first and last groups, the temperature interval is 
10°C.  

 
Fig. 1.  Relationship between [C]·[O] product and tempera-
ture at the BOF endpoint (the x-coordinate value (a, b] repre-
sents the temperature range between value a and value b but 
not including a). 

As shown in Fig. 1, when the BOF endpoint temperature 
exceeds 1715°C, the average value of the [C]·[O] product 
increases significantly. When the target carbon content in 
liquid steel is fixed, a high [C]·[O] product value indicates a 
large amount of free oxygen exists in liquid steel. Maintain-
ing the temperature between 1695 and 1715°C is beneficial 
for the control of low free oxygen. In this range, the average 
[C]·[O] product is 23 × 10−8. When the temperature is below 
the low limit value (1695°C), the chemical heating process 
induced by adding aluminum and injecting oxygen into the 
liquid steel from the top lance during the RH process be-
comes necessary; this process prolongs the RH treatment 
time and adversely affects steel cleanness. Temperatures 
that exceed the upper limit result in high free oxygen con-
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tent in the liquid steel after decarburization because of 
over-oxidation of the liquid steel. 

Fig. 2 shows the relationship between the average [C]·[O] 
product and the BOF furnace campaign. Seven groups are 
established according to the furnace campaign. The average 
[C]·[O] product increases gradually as the furnace campaign 
progresses. This increase in the average [C]·[O] product 
promotes reaction equilibrium in the liquid steel because 
argon and oxygen are injected from the bottom and top, re-
spectively, during the BOF process. However, in the BOF 
post-campaign regime (> 5000 heats), gas permeability at 
the bottom blowing holes decreases, the over-oxidation of 
the liquid steel increases, and the [C]·[O] product increases 
significantly. A stable [C]·[O] product range is 22 × 10−8 
to 24 × 10−8 with furnace campaign between 1000–5000 
heats. 

 
Fig. 2.  Relationship between [C]·[O] product and BOF fur-
nace campaign (the x-coordinate value (a, b] represent furnace 
campaign range between value a and value b but not includ-
ing a). 

The [C]·[O] product in liquid steel could be calculated by 
the following equations: 

(g)[C] [O] CO                                  (1) 

lg 1160 / 2.003K T    (2) 

CO

C O

1
[C] [O]

P

K f f
  


  (3) 

[ ]lg j
i i jf e w    (4) 

where PCO represents the partial pressure of CO in the gas 
atmosphere (PCO + PCO2 = 1); [C] and [O] represent the con-
tents of carbon and soluble oxygen in the liquid steel; f[C] 

and f[O] represent the activity coefficients of the carbon and 
oxygen, respectively, in liquid steel; T (K) is the temperature; 
and K is the equilibrium constant of reaction (1); j

ie  
represents the interaction coefficients of element j to the 
element i. The [C]·[O] product varied with the chemical 
composition of the liquid steel, the temperature, and the par-
tial pressure of carbon monoxide (PCO), as mentioned in Eqs. 
(3) and (4). 

We can estimate the theoretical [C]·[O] product in liquid 
steel under different conditions with above equations. When 
the carbon content is high, PCO tends to approach 1. Gener-
ally, the partial pressure of CO (PCO) ranges between 0.8 
and 1.0 [13]; however, it decreases to less than 1 during the 
production of ultra-low carbon steel because of its 
over-oxidation at the BOF endpoint; here, the range of PCO 
is set as 0.7 to 1.0; fC and fO are calculated according to Eq. 
(4) on the basis of the data in Tables 2 and 3. The value 
ranges are fC = 0.90–0.98 and fO = 0.86–0.98; therefore, the 
range of (fC·fO) is 0.78–0.96; we set the fC·fO to be 0.9. The 
theoretical lines of carbon and free oxygen contents under 
different conditions and the scatters of real values are de-
scribed in Fig. 3. 

Table 2.  Chemical composition range of grade A at BOF 
endpoint                                           wt% 

[C] [Si] [Mn] [P] [S] [O] 

0.010–0.080 ≤ 0.010 0.130 ≤ 0.009 ≤ 0.010 0.035–0.200

Table 3.  Interaction coefficients of elements 
j

ie C Si Mn P S O 

C  0.243 0.08  −0.0084  0.051  0.044 −0.32

O −0.421 −0.066 −0.021 0.07 −0.133 −0.17

 
Fig. 3 shows that the partial pressure of carbon monoxide 

affects the [C]·[O] product more significantly than does 
temperature. When the temperature increased by 20°C with 
the same partial pressure of carbon monoxide and the same 
carbon content, the oxygen content increased by 20 × 10−6; 
however, when the partial pressure of carbon monoxide 
(PCO) changed from 1.0 to 0.7, the free oxygen content de-
creased by 200 × 10−6 with a carbon content of 0.030wt%. 
When the carbon content exceeded 0.035wt%, the measured 
values were close to the equilibrium line (PCO = 1.0 and T = 
1715°C). When the carbon content was lower than 
0.035wt%, the measured values shifted toward the equilib-
rium line (PCO = 0.7 and T = 1715°C); these results indicate 
that the PCO decreases and CO2 is formed because of the re-
action (2CO(g) + O2(g) = 2CO2(g)) during this process. Thus, 
when the carbon in the liquid steel decreases to a critical 
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value, not all of the oxygen blown into the liquid steel is 
used for decarburization; some reacts with the CO gas pre-
sent in the system, and some reacts with Fe in the liquid 

steel. These processes are easily verified by the selective 
oxidation between [C] and [Fe] according to Eqs. (5) and 
(6), 

 
Fig. 3.  Comparison between the measured and calculated values of the carbon and oxygen contents in liquid steel. 

(g)(FeO) [C] [Fe] CO   , 99000 90.72G T     (5) 

CO
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   (6) 

where G   is the standard Gibbs free energy of reaction; 
G  represents the Gibbs free energy of reaction; R is the 

ideal gas constant (8.314 J·mol−1·K−1); and (FeO)a  repre-
sents the activity of FeO in the BOF slag (here, the value 
range is set to 0.35 [14]). 

As shown in Fig. 4, the critical carbon content of selec-
tive oxidation decreases with increasing temperature. Under 
1650°C, the oxygen being blown into liquid steel preferen-
tially reacts with Fe when the carbon content is less than 
0.025wt%. According to the results in Figs. 3 and 4, the 
carbon content should be controlled to be between 250 × 
10−6 and 450 × 10−6 at the BOF endpoint. When the carbon 
content is within this range, reaction (1) is close to equilib-
rium, the free oxygen content is reasonable, and the extent 
of over-oxidation is low.  

On the basis of the aforementioned analysis, the condi-
tions at the BOF endpoint necessary to make the [C]·[O] 
product shift toward the equilibrium line are summarized as 
follows. (1) The BOF furnace campaign should be within 
1000–5000 heats during ultra-low-carbon steel production 
because the [C]·[O] product increases significantly and di-
verges from the equilibrium line when the furnace campaign 
heats exceed 5000. (2) The carbon content at the BOF end-

point should be controlled to be between 250 × 10−6 and 450 
× 10−6. When the carbon content is less than 250 × 10−6, the 
free oxygen content increases and the liquid steel becomes 
over-oxidation; when the carbon content exceeds 450 × 10−6, 
the conditions required for decarburization during the RH 
process cannot be achieved. (3) The BOF endpoint tem-
perature should be between 1695 and 1715°C because the  

 
Fig. 4.  Selective oxidation between [C] and [Fe] during oxy-
gen blowing. 
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[C]·[O] product increases significantly at temperatures 
above 1715°C. These conditions are narrowed and con-
firmed further in the next section on the basis of other data. 

The increase in temperature per 0.01wt% reduction of 
carbon in liquid steel during the re-blowing process can be 
calculated by Eq. (7); and the data are described in Fig. 5. 

1 2

2 1

C C

( ) 1
/

( ) 100

T T
T C

w w



    


  (7) 

Here,  represents the increase in temperature per 0.01wt% 
reduction of carbon in liquid steel during the re-blowing 
process; T1 and T2 represent the temperature of first-catch 
carbon and BOF endpoint, °C; and 

1Cw  and 
2Cw  repre-

sent the carbon contents of first-catch and BOF endpoint in 
the liquid steel, respectively. 

As shown in Fig. 5, when the first-catch carbon content is 
lower than 0.3wt%, the increasing rate of the temperature 
increases significantly during oxygen injection for catching 
the carbon content of BOF endpoint, which will result in 
high temperature and over-oxidation of liquid steel at BOF 
endpoint. The relationship between  and the first-catch 
carbon content in liquid steel during the BOF process was 
regressed on the basis of measured values:  

1.52 132481.34 /{1 exp[( 0.94) / 0.11]}x      (8) 

where x represents the carbon content of the first-catch in 
liquid steel. The R2 value for this regression was 0.81. 

 
Fig. 5.  Relationship between temperature change per 
0.01wt% reduction of carbon ( ) and first-catch carbon con-
tent in liquid steel during the BOF process. 

Stable and precise control of the carbon content and 
temperature at the BOF endpoint can be attained through 
control of the first-catch carbon to a reasonable level. For 
example, if the target carbon content and target temperature 
at the BOF endpoint are 0.040wt% and 1710°C, respectively, 
then the first-catch carbon content and temperature should 
be controlled in the ranges from 0.3wt% to 0.4wt% and 
1602 to 1658°C, respectively, based on the data in Table 4. 

A narrower first-catch carbon range enables easier control of 
the target carbon and target temperature at the BOF end-
point. 

Table 4.  Range of first-catch carbon content and  value 

Range of first catch 
carbon content / wt%

0.1–0.2 0.2–0.3 0.3–0.4 0.4–0.8

Range of  value 6.0–11.0 3.0–6.0 2.0–3.0 1.5–2.0

3.2. Coordinated control of carbon and oxygen during 
the RH process 

The liquid steel enters the RH refining process after BOF 
tapping. The RH treatment process features two main tasks: 
reduce the carbon content to less than 20 × 10−6 by RH de-
carburization, and ensure low residual-free oxygen content 
after decarburization. Two different RH decarburization 
modes (natural decarburization and forced decarburization) 
for IF steel were adopted in this work. Under the natural 
decarburization mode, the mass ratio of carbon and oxygen 
is less than 0.75; the free oxygen is sufficient to satisfy the 
requirements of decarburization. The carbon and oxygen 
content ranges should be maintained to satisfy the require-
ments of natural decarburization and ensure low resid-
ual-free oxygen content after decarburization; otherwise, 
high residual-free oxygen content will result in more inclu-
sions after de-oxidation. Under forced decarburization mode, 
the mass ratio of carbon and free oxygen in liquid steel is 
greater than 0.75, which indicates that the free oxygen con-
tent does not satisfy the requirement of decarburization; 
more oxygen is blown into the liquid steel from the top 
lance of the RH system for decarburization, which also re-
sults in an increase in the free oxygen content after decar-
burization. Thus, coordinated control of the carbon and 
oxygen contents during the RH process is very important for 
steel cleanness [15−17]. The amount of inclusions is related 
to the final residual oxygen content after decarburization. 
After aluminum is added, a portion of the aluminum is used 
to react with soluble oxygen, and another portion of the 
aluminum becomes soluble aluminum. The yield rate of 
aluminum is calculated according to the following equa-
tion: 

 0
s s Steel

Al
Al

[Al] [Al]
100%

W

W


 
    (9) 

where Al  is the yield rate of aluminum; 0
s[Al]  and 

s[Al]  are the contents of acid-soluble aluminum before the 
aluminum addition and at the end of the RH process, respec-
tively; SteelW  and AlW  are the mass of liquid steel and the 
mass of the aluminum added to the liquid steel, respectively, 
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kg. Before the aluminum addition, the content of soluble 
aluminum ( 0

s[Al] ) approaches to 0. 
Fig. 6 shows the relationship between the aluminum yield 

rate and the residual-free oxygen content in liquid steel un-
der natural decarburization. Among the 489 heats, 327 heats 
involved natural decarburization and 162 heats involved 
forced decarburization. Data from the natural decarburiza-
tion mode based on calculation of Eq. (9) are shown in Fig. 
6. The aluminum yield rate decreased linearly with increas-
ing residual-free oxygen content in liquid steel after decar-
burization; when the oxygen content after decarburization 
was less than 300 × 10−6, the aluminum yield rate reached 
approximately 40%. The yield rate was less than 15% when 
the residual oxygen content exceeded 600 × 10−6. The low 
aluminum yield rate meant that most of the aluminum re-
acted with oxygen because of the high residual oxygen con-
tent after decarburization, resulting in the formation of 
abundant Al2O3 inclusions. Thus, to satisfy the requirement 
of steel cleanness, the target carbon and free oxygen should 
be < 20 × 10−6 and < 400 × 10−6, respectively, after RH de-
carburization. 

 
Fig. 6.  Relationship between aluminum yield rate and resid-
ual-free oxygen content in liquid steel after decarburization 
under natural decarburization. 

Fig. 7 shows the relationship between the carbon content 
([C]) and free oxygen content ([O]) in liquid steel before RH 
decarburization. In region A, the free oxygen content is suf-
ficient to satisfy the requirement for natural decarburization. 
After decarburization, a large amount of residual oxygen 
remains, which results in increased aluminum consumption. 
In region B, free oxygen in the liquid steel cannot satisfy the 
requirement for RH decarburization. Extra oxygen is blown 
into the liquid steel from the top lance of the RH system to 
induce forced decarburization; in fact, more than 95% of the 
heats in region A involved natural decarburization and more 
than 85% of the heats in region B involved forced decar-

burization. The amount of oxygen blown into the liquid steel 
was between 20 and 300 m3, depending on the [O]/[C] mass 
ratio before decarburization. On the basis of the aforemen-
tioned analysis, reasonable carbon and free oxygen regions 
before decarburization should be 0.030wt% to 0.040wt% 
and 500 × 10−6 to 700 × 10−6, respectively. 

 
Fig. 7.  Relationship between [C] and [O] before RH decar-
burization. 

With respect to the control of free oxygen after decar-
burization, as shown in Fig. 8, when the [O]/[C] mass ratio 
is less than 1.33 (theoretical value), forced decarburization 
mode is adopted. Under forced decarburization mode, the 
range of free oxygen content after decarburization is wide 
because of the fluctuation of oxygen blowing. If free oxygen 
after decarburization is controlled to be less than 400 × 10−6, 
the [O]/[C] mass ratio in liquid steel before RH decarburiza-
tion should be controlled to be between 1.5 and 2.0 and the 
carbon range should be 0.030wt% to 0.040wt% with natural 
decarburization. 

 
Fig. 8.  Free oxygen after decarburization under different 
[O]/[C] mass ratios. 

Fig. 9 explains how to ensure the exact range of carbon 
and free oxygen at the BOF endpoint on the basis of the RH 
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target region. When the [O]/[C] mass ratio is controlled be-
tween 1.5 and 2.5 at the BOF endpoint, 80% of the heats fall 
within the ideal control region for RH natural decarburiza-
tion. 

 
Fig. 9.  Relationship between [O]/[C] mass ratio at the BOF 
endpoint and RH before decarburization. 

On the basis of the aforementioned analysis, we derived 
the control ranges of [O] and [C] at the BOF endpoint. The 
free oxygen lower limit is 574 × 10−6, and the upper limit is 
775 × 10−6; the carbon content lower limit is 297 × 10−6, and 
the upper limit is 400 × 10−6. The final target regions at dif-
ferent locations are listed in Table 5. 

Table 5.  Target region at different locations 

Location [O]/[C] mass ratio [C] / 10−6 [O] / 10−6

BOF end point 1.5–2.5 297–400 574–775 

RH before  
decarburization 

1.5–2.0 300–400 500–700 

RH after  
decarburization 

― < 20 < 400 

 
To check the coordinated control relationship of target 

regions before and after RH decarburization, we conducted 
23 heats for RH decarburization to verify the model in a 
210-t ladle. Finally, the data for 14 heats with initial condi-
tions before decarburization in target region A (see Fig. 10) 
were successfully obtained. Fig. 10 shows that the final 
carbon and residual oxygen in 85% of the heats were less 
than 15 × 10−6 and 400 × 10−6, respectively, after RH natural 
decarburization under the initial conditions in region A, 
which is consistent with the previous analysis. When the 
carbon and oxygen before decarburization were in the range 
from 350 × 10−6 to 400 × 10−6 and from 500 × 10−6 to 650 × 
10−6, respectively, the residual oxygen after decarburization 
could be kept below 350 × 10−6. In fact, when the initial 
conditions were outside the target region before decarburi-

zation, almost all of the heats’ residual oxygen exceeded the 
final region B. High residual oxygen results in poor steel 
cleanness with the same removal time because more inclu-
sions are formed after de-oxidation. Thus, coordinated con-
trol of the carbon and oxygen contents during RH was the 
key point for improving steel cleanness. 

 
Fig. 10.  Change of [C] and [O] during the RH decarburiza-
tion process.  

4. Conclusions 

The coordinated control of carbon and oxygen contents 
can greatly reduce the generation of inclusions due to low 
free oxygen after decarburization, which is useful for clean 
steel production. We developed a strategy for the 
coordinated control of carbon and oxygen contents at the 
BOF endpoint and in the RH process on the basis of our 
analysis of the BOF and RH data for 489 heats. Reasonable 
conditions for controlling the carbon and oxygen contents 
are summarized as follows: 

(1) The [C]·[O] product is stable in the range from 22 × 
10−8 to 24 × 10−8 and is close to the equilibrium line at the 
BOF endpoint when the temperature is between 1695 and 
1715°C and the furnace campaign is between 1000 and 
5000 heats for BOF endpoint control.  

(2) Maintaining an [O]/[C] mass ratio between 1.5 and 
2.0 and a carbon range between 0.030wt% and 0.040wt% in 
liquid steel before RH decarburization satisfies the require-
ments of RH natural decarburization, and the free oxygen 
after decarburization can be controlled to be below 400 × 
10−6. To realize coordinated control of carbon and free oxy-
gen, the carbon and free oxygen should be controlled to be 
between 297 × 10−6 and 400 × 10−6 and between 574 × 10−6 
and 775 × 10−6, respectively, at the BOF endpoint. 

(3) Accuracy control of the BOF endpoint was achieved 
using the prediction formula 1.52 132481.34 /{1     



M. Wang et al., Coordinated control of carbon and oxygen for ultra-low-carbon interstitial-free steel in a smelting process 1259 

 

exp[( 0.94) / 0.11]}x  , which established a relationship 
between the temperature change per 0.01wt% reduction of 
carbon and the first-catch carbon in liquid steel in the BOF 
process. 
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