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OPTYMALIZACJA PROCESU EAF W DEUTSCHE EDELSTAHLWERKE

During stainless steel production in the electric arc furnace (EAF), oxygen is injected to oxidize unwanted tramp elements,
mainly carbon and silicon. Unfortunately, oxygen also oxidizes precious elements such as iron and chromium which causes
economical loss and bad environmental impact. Off-gas analysis was performed at Deutsche Edelstahlwerke (DEW) to control
the decarburization so that the elements, not only carbon, oxidation and oxygen consumption can be controlled as well. This
paper presents a new strategy to control the elements oxidation as well as to increase the oxygen efficiency. For the investigated
heat, the well controlled decarburization will decrease the oxygen consumption by about 10%. Work was carried out with a
financial grant from the Research Fund for Coal and Steel of the European Community.
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Podczas produkcji stali nierdzewnej w elektrycznym piecu tukowym (EAF), tlen jest wdmuchiwany do utlenienia zbednych
domieszek, gléwnie wegla i krzemu. Niestety tlen réwniez utlenia pozadane sktadniki jak zelazo i chrom, co powoduje straty
ekonomiczne i ma szkodliwy wplyw na Srodowisko. W Deutsche Edelstahlwerke (DEW) zostala wykonana analiza gazéw
wylotowych do sterowania odwegglaniem, réwniez kontrolowane moze by¢ utlenianie i zuzycie tlenu. W artykule przedstawiono
nowq strategi¢ kontroli utlenianych sktadnikéw, w celu zwigkszenia wydajnosci tlenu. Dla badanego nagrzewania, dobrze
kontrolowane odweglanie moze zmniejszy¢ zuzycie tlenu o okoto 10%. Praca zostala sfinansowana i przeprowadzona w ramach
grantu Research Fund for Coal and Steel of the European Community.

1. Introduction

In Germany, 47.2 Mt of steel had been produced
in 2006 and 14.7 Mt of them were produced in the
EAF [8]. Surging prices of energy and raw materials
have encouraged European steel industries for research-
ing new methods in order to reduce the production costs
of EAF-steelmaking. Meanwhile, environmental aware-
ness for minimizing the direct and indirect CO, emis-
sions among European steel industries has increased dur-
ing the last few years as well [6]. By minimizing waste
and excess material, e.g. through a well-defined process
control, European steel industries tend to decrease pro-
duction cost as well as to give their contribution to de-
crease the indirect CO, emissions from production of
raw materials [17]. A new strategy of EAF-route steel-
making is presented here to maintain downward pressure
on the above challenges.

During stainless steelmaking at DEW, oxygen is in-
jected mainly to oxidize carbon and silicon. Thus, the
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amount of oxygen injection is strongly correlated with
the initial carbon and silicon input from scrap and al-
loy elements. Unfortunately, oxygen also oxidizes other
elements, e.g. chromium and iron, which are unwanted
reactions because it leads to economical loss and bad
environmental effects. For this reason, the correlation
between the amount of oxygen injection and the amount
of carbon and silicon input at DEW had been investi-
gated in this work in order to optimize the amount of
oxygen injection as well as to minimize loss of precious
elements so that the production cost can be minimized.

Although Ellingham Diagram informs about ele-
ments affinity against oxygen, reactions during stainless
steelmaking in the EAF are complicated to be well un-
derstood since many oxidation and reduction reactions
take place in the EAF simultaneously (Table 1). Elling-
ham Diagram also gives no detail information about in-
terdependency of elements presence on another element
oxidation. On the other hand, temperature, oxygen par-
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tial pressure as well as composition of slag and steel
melt determine elements oxidation [5, 12]. For this rea-
son, a more detail investigation on interdependency of
elements presence on another elements oxidation was
carried out. A thermodynamic-based simulation was al-
so performed to investigate more deeply the behaviour
of elements oxidation.

TABLE 1
Some oxidation and reduction reactions during stainless
steelmaking in the EAF (p = 1 atm, temperature <2200 K)

Reactions Tf;(r)r;pggtzrf(:) r[altg]g ¢
2FeO + Si — 2Fe + SiO, + AH | Always spontaneous
FeO + Cr — Fe + CrO + AH Always spontaneous
FeO + C — Fe + CO + AH >997
FeO + CrO — Fe + Cr,0; + AH | Always spontaneous
2Cr,03+ 3Si — 4Cr + 3SiO, + AH | Always spontaneous
FeO+CO — Fe+ CO,+AH < 832
Cr,0;+3C  — 2Cr+3CO + AH |> 1524
CrO + C — Cr+ CO + AH > 1349
CrO + CO — Cr + CO, Not occurs
Cr,0;+ CO — Cr+ CO, Not occurs

2. Off-Gas Analysis at the Electric Arc Furnace

In this work, off-gas analysis is utilized to monitor
the elements oxidation at DEW. Off-gas analysis was
performed at the primary dedusting system. There are
two analysis points at EAF, namely point A and point
B (Fig. 1). Point A is located directly after the EAF
elbow and point B is located about 30 meters far from
the EAF elbow to measure off-gas compositions after
complete post combustion.

Fig. 1. Point A and point B of off-gas analysis at the EAF dedusting
system (1: oxygen lance)

The analyzing equipment consists of water cooled
probes, filters, detectors and signal converters for mea-
suring the concentration of off-gas components (CO,
CO,, 0,, Hy), off-gas temperature, and off-gas velocity

[10, 11]. The concentrations of the off-gas components
were measured by using infrared absorption spectrome-
try (CO, CO,), paramagnetism (O,), and heat conduc-
tivity (H;). The off-gas temperature was measured by
coated thermocouples.
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Fig. 2. Sketch of off-gas analysing equipment (off-gas removal and
analysing, temperature measurement, volume flow measurement and

data acquisition)

The measured data for differential pressure of the
gas flow, gas temperature, and off- gas concentrations
from the detectors are transformed and recorded con-
tinuously. For continuous analysis, probes were installed
after complete post combustion in the primary dedusting
system [10, 11]. The transportation of the off-gas by pass
flow through dust filters and heated tubes to the analyzer
causes a time delay of the gas concentration signal. The
off-gas volume flow rate and off-gas mass flow rate are
calculated from the measured pressure difference of the
gas flow, pgy,, and the cross-sectional area of the gas
pipe (A) (eq. 1) [10]:

Moff—gas = Poff-gasVoff-gas =

(1)
= poff—gasApipeC

p(T) is the gas density depending on gas temperature and
off-gas composition. Measured off-gas mass flow rates at
points A and B were checked with carbon mass flow rates
and complete carbon mass balances. The time-dependent
value was integrated over the heat time to obtain mean
values.

3. Simulation of Elements Oxidation
A simulation was performed to investigate the el-

ements oxidation during oxygen injection (Fig. 3). The
simulation is only based on thermodynamic equilibrium



and does not take account on any other influencing pro-
cesses, e.g. heat and mass transfer and kinetics. Uniform
elements and temperature distribution were assumed in
this simulation.
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Fig. 3. A thermodynamic-based simulation of elements oxidation

Simulation result shows an intensive silicon oxida-
tion in the early stage of oxygen injection and this is
in agreement with result of other researchers [7, 20].
Ellingham Diagram informs that silicon is relatively eas-
ily oxidized compared to other elements due to lower
Gibbs free energy of its oxidation. In this particular heat,
the intensive silicon oxidation is finished at 4.3 kgO,/t
and then silicon-lean condition in melt occurs. Due to
the decreasing silicon concentration in melt (xg;), the
silicon activity in the melt (ag;) decreases because the
activity coeflicient of silicon (yg;) is constant at this low
concentration following Henry’s law (eq. 3).

as; = YsiXsi ()

Under this circumstance, carbon and chromium
starts to oxidize intensively. The increase of carbon ac-
tivity with decreasing silicon content in the melt is in
agreement with the result of other researchers [1, 12,
18]. Then, finishing the intensive silicon oxidation below
4.3 kgO,/t, e.g. by changing the composition of elements
input so that the silicon activity can be influenced, could
lead to earlier intensive carbon oxidation.

Chromium oxidizes intensively after the intensive
silicon oxidation is finished. Meanwhile, iron is oxidized
in small amount in the beginning and starts to oxidize
exponentially after carbon oxidation reach the 2™ critical
point at about 18.1 kgO,/t.

4. Monitoring of Elements Oxidation during
Oxygen Injection

Results of off-gas analysis and slag analysis are uti-
lized here to investigate the occurrence of intensive ox-
idation for some elements during stainless steelmaking
in the EAF. A decarburization model based on off-gas
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analysis is then presented (Fig. 4). This decarburization
model can be utilized to monitor not only carbon oxida-
tion but oxidation of other elements as well. The decar-
burization model shows three stages of oxygen injection,
i.e. early stage, middle stage and end stage. The 1% crit-
ical point of oxygen injection ends the early stage. The
middle stage lies between the 1% and the 2™ critical
points and the end stage starts after the 2" critical point
of oxygen injection is reached.

Differences between simulation result and the result
of off-gas analysis was identified since the simulation is
based only on a thermodynamic equilibrium conditions.
As an example, the thermodynamic-based simulation re-
sult shows no occurrence of carbon oxidation until the 1%
critical point is reached. Meanwhile, the decarburization
model shows that carbon oxidation, although not inten-
sive, occurs since the early stage of oxygen injection. The
differences exist because the elements oxidation and re-
duction does not depend merely on thermodynamic con-
dition but on many other processes, e.g. mass and heat
transfer, fluid mechanics, and kinetics, as well (1). The
differences come also from non-uniformity of temper-
ature and elements, including oxygen, distribution (2).
The injection zone lying directly after the oxygen lance
has the highest oxygen content as well as has the highest
temperature which leads to higher carbon oxidation [2,
13]. At DEW, the size of the injection zone depends on
the lance position, oxygen mass flow rate, as well as steel
scrap density and composition [13].
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Fig. 4. Decarburization model

Nevertheless, a similarity between the simulation re-
sult and off-gas analysis exists. Similar to the simulation
result, the decarburization model shows that intensive
carbon oxidation occurs after intensive silicon oxidation
is finished. The decarburization model shows two critical
points as well, i.e. the 1% and the 2" critical points. In
this particular heat, carbon starts to oxidize intensively
after oxygen injection reaches the 1% critical point at
3.4 kgO,/t. The 1% critical point in the decarburization
model at 3.4 kgO,/t refers to the end of intensive silicon
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oxidation at 4.3 kgO2/t in the simulation result (Fig. 3).
Meanwhile, the 2™ critical point at 10.5 kgO»/t in the
decarburization model refers to the starting point of de-
clining decarburization at 18.1 kgO,/t in the simulation
result.

In agreement with the simulation result, analysis of
slag and tapped steel show that silicon is oxidized in-
tensively in the early stage of oxygen injection. Due to
low silicon content in the tapped steel, silicon-containing
reduction agent, e.g. ferrosilicon is added to increase the
silicon content in the melt as well as to recover the pre-
cious elements from oxides. Liquid phase mass transfer
controls the desiliconization rate (M) in the early
stage of oxygen injection (eq. 4) [7]. In this stage, the
desiliconization rate depends on the surface area of re-
action site (A), steel density (ps;), steel weight (Wg,),
overall coeflicient of silicon mass transfer (kg;), current
silicon content in the melt (%wts;), and the equilibrium
silicon content in the melt (%wtg;.,) [S, 7].

d%wts; ApstkSi(
a Wy

Consequently, enhancing conditions, e.g. good mix-
ing and high contact area between silicon and oxygen,
are necessary to improve desiliconization rate in this
stage.

Both simulation result and decarburization model
show that carbon oxidizes intensively in the middle stage.
The decarburization rate in this stage depends linearly on
the flow rate of oxygen injection since the decarburiza-
tion in this stage is controlled by chemical reaction [5,
13]. Because the decarburization in this stage depends on
the mass flow rate of oxygen injection, the decarburiza-
tion model can be utilized to monitor the effectiveness of
the oxygen injection process, €.g. optimization of lance
depth, bubbling condition, attack angle, oxygen veloci-
ty, lance diameter, etc. These factors are influencing the
injection zone and oxygen distribution in the melt.

After the oxygen injection reaches the 2" critical
point, decarburization rate declines with further oxygen
injection because carbon activity (ac) in the melt is al-
ready low due to decreasing carbon content in the melt
below its critical level following Henry’s law (1). Be-
sides due to decreasing carbon activity, declining decar-
burization rate in this end stage occurs due to decreasing
driving force of decarburization kinetic with decreasing
carbon content in the melt as well (2) [9, 13]. In this
end stage, mass transfer of carbon controls the decar-
burization [13, 20] and the decarburization rate MZ—‘;”C
depends on the current carbon content in steel (% wtc),
the equilibrium carbon content (%wtc,,.), mass transfer
coeflicient for the particular reaction site (k;) as well as
area of the specific reaction site (A;) (eq. 5) [7].

%WtSl' — %WtSi,eq)

3)

d%WtC _ Pst
T = _WS, (%Wtc - %WtC,eq>

M-

kiAi (4

i=1

In this carbon-lean condition, oxygen prefers to oxi-
dize precious elements, e.g. chromium and iron, instead
of carbon. A good mixing condition to enhance the de-
carburization in the end stage can be developed by in-

jecting stirring gas, e.g. nitrogen or argon.
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Fig. 5. Influence of further oxygen injection in the end stage on
chromium and ferrous oxidation (before application of the decarbur-
ization model)

An opportunity to save the oxygen consumption by
about 10%, or equal to 1.5 kgO,/t, exists for the inves-
tigated heat since the oxygen injection can be finished
directly after the 2" critical point is reached. Besides
saving the oxygen consumption, finishing the oxygen in-
jection at the 2™ critical point will minimize iron oxi-
dation as well because intensive FeO formation occurs
in the end stage of oxygen injection (Fig. 5). High iron
oxidation in the end stage occurs due to increasing iron
activity in the melt with decreasing carbon and silicon
content in the melt (Fig. 6). Silicon content in the melt
decreases due to its intensive oxidation in the early stage
and the carbon in the steel melt is already oxidized in-
tensively before the 2" critical point is reached. The
non-zero coefficient of regression line at 0.7 kgp.o/t
(Fig. 5) shows that iron oxidation already takes place,
although not so intensive, in the early and middle stage.
Due to its higher non-zero coefficient at 12.3 kg¢,203/t,
it is shown that chromium is oxidized more intensive-
ly than iron before the end stage is reached. This is in
agreement with the simulation result in Fig. 3.

Chromium oxidation shows a slightly different be-
haviour compared to iron oxidation. iron oxidation shows
a definite correlation between FeO formation and further
oxygen injection after the 2" critical point is reached. In
the other hand, there are two different groups of Cr,O3
formation results (Fig. 5). The first group has a positive
correlation between chromium oxidation and the amount



of oxygen injection in the end stage and the second group
has a negative correlation, vice versa. This is suggest-
ing a weak correlation between the amount of oxygen
injection in the end stage and Cr,O3 content in the slag.
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Fig. 6. Influence of carbon and silicon content in steel on iron activity
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Simulation result also shows these two different
groups (Fig. 7). The simulation shows a negative cor-
relation between carbon content in melt and chromium
activity. Voj [19] also reported a negative correlation be-
tween carbon content in steel and chromium oxidation.
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However, decreasing chromium activity with increasing
carbon content in melt is not as clear as the correlation
between carbon content and iron activity in Fig. 6. Ma
and Janke [12] reported that the chromium activity in the
melt (ac,) does not correlate linearly with the chromi-
um content in the melt (X¢,). Above the optimum value,
chromium content in the melts correlates negatively with
the chromium activity. Irregularity is also shown here
since the chromium activity for oxygen input at 8 kgO,/t
is higher than for oxygen input at 7 kgO,/t when the car-
bon content in melt exceeds 5.1 kg/t. Unlike the influence
of silicon content on iron activity (Fig. 6), the influence
of silica content on chromium activity in Fig. 7 shows
an inverse correlation which depends on the amount of
oxygen input.

Besides preventing further direct chromium oxida-
tion by oxygen (1), finishing the oxygen injection at
the 2™ critical point will minimize chromium oxida-
tion by FeO after tapping (2) (Table 1) and improve
efficiency of the Cr,O, reduction, e.g. by Si, as well (3)
(Fig. 8). Minimum iron oxidation leads to more effective
Cr, O, reduction since Cr,O, reduction does not compete
with FeO reduction. FeO reduction is thermodynamically
more preferable than Cr,O, reduction since Gibbs free
energy of FeO reduction is comparably lower than that
of Cr,O, reduction. At temperature 2000 K, Gibbs free
energy of FeO reduction by silicon is about two times
lower than that of Cr,O, reduction. Gibbs free energy
of FeO reduction at temperature 2000 K is —267 kJ,
while Gibbs free energy for CrO and Cr,O3 reduction
by silicon are —133 kJ and —132 kJ, respectively. At
temperature higher than 1960 K, silicon prefers to re-
duce Cr,03 than CrO.

5. Important Factors for Silicon Oxidation

Influencing factors for intensive silicon oxidation
during oxygen injection was investigated because the
end of intensive silicon oxidation is correlated with the
beginning of intensive decarburization. If intensive sil-
icon oxidation could be finished earlier, the intensive
decarburization could be started earlier as well. In case
intensive carbon oxidation could be started earlier, i.e.
the 1% critical point is shifted to the left side; too deep
desiliconization could be prevented (1) and the oxygen
consumption could be reduced as well because the 2
critical point could be shifted to the left (Fig. 4) (2).

As informed previously, silicon and carbon oxi-
dation have influence on presence of other elements.
Here, decarburization reaction takes place earlier from
6.6 kgO,/t down to 5.4 kgO,/t as the ratio between car-
bon input and silicon input increases by 50% (Fig. 9).
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Vice versa, carbon oxidation starts earlier if the ratio
between iron input and silicon input decreases (Fig. 10).
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Fig. 9. Influence of higher carbon-silicon ratio on silicon oxidation
(simulated)
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6. Application of the Decarburization Model

Since the concept of decarburization model is based
on off-gas analysis, a dynamic real-time process control
is possible to be developed. This decarburization model
can be visualized into the computer screen, so that the
EAF operator can finish the oxygen injection if the decar-
burization model shows the declining tendency after the
27 critical point is reached. Besides the application in
the EAF, monitoring of elements oxidation, not only de-
carburization process, through the off-gas analysis could
be performed for other decarburization-related process,
e.g. converter.

Application of the decarburization model can di-
rectly decrease the iron and chromium oxidation what
is beneficial for many production parameters. Yield of
mass of tapped steel increases as higher iron and chromi-
um oxidation can be prevented. As a consequence, mass
of unwanted elements, e.g. carbon and silicon [%wt],

can be decreased by increasing iron and chromium mass
in the tapped steel [kg]. The specific value of production
parameters, e.g. O, consumption [kg/t] and productivity
[t/h], change as well. Besides contribution from high-
er tapping mass [t], lower specific oxygen consumption
[kg/t] was obtained also from decreasing actual oxy-
gen consumption [kg]. Consumption of added reduction
agent, e.g. FeSi, decreases since the content of ferrous
and chromium oxide in the slag can be minimized.

7. Summary

Maximum decarburization and minimum oxidation
of chromium and iron are beneficial for stainless steel-
making in the EAF. In this work, optimization of el-
ements oxidation at Deutsche Edelstahlwerke (DEW)
was performed through off-gas analysis. Decarburiza-
tion is closely correlated not only with the amount
of oxygen injection but with presence of other ele-
ments as well. Since the oxygen demand for silicon
and carbon oxidation does not depend merely on sil-
icon and carbon input, a new correlation to calculate
the oxygen demand has been presented. Results from
a thermodynamic-based simulation combined with slag
and off-gas analysis showed a good opportunity to mon-
itor elements oxidation through off-gas analysis. A new
EAF process control based on off-gas analysis had been
presented. By finishing the oxygen injection at the 2"
critical point in the decarburization model, high iron and
chromium oxidation can be prevented. For the investigat-
ed heat, application of the decarburization model will
reduce the oxygen consumption by about 10%.
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