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ABSTRACT

Slag and the corresponding hot metal samples were collected just before tapping from
electric arc furnace of Ezz Flat Steel Company (EFS) and analyzed. The temperature of
hot metal was measured before tapping.

The analyses of slag and hot metal together with the metal temperature were used to
estimate the activity coefficient and activity of total ferrous oxides in slag, also
investigate carbon and oxygen activity coefficient in steel according to the statistical
theory of regular ionic solutions.

The oxides capacity of the slag was also assessed. The variation of carbon and oxygen
activity in hot metal with the concentration was also treated.

The ratio of activity to concentration of total ferrous oxides is constant and equal to
0.0179. The activity coefficients of oxygen and carbon in steel are 0.810 and 1.0704,
respectively.

The oxides capacity of the slag increases with increasing carbon concentration in the
bath and with increasing DRI proportion in the charge.
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1. INTRODUCTION

World scrap availability trends, fluctuation in scrap prices and rising tramp elements
levels in steel all have possibly contributed in compelling EAF producers to consider
alternatives to scrap.

EFS start using direct reduced iron DRI as alternative to scrap in EAF metallic charge.
EFS EAF running with DRI in metallic charge faces varying in process conditions such
as EAF slag behavior, which affect on all process parameters. The present work
investigates the effect of DRI on slag ferrous oxide capacity to control the level of
ferrous oxide in the slag.

The state of oxidation of a steel bath is vital importance in controlling the reactions

between EAF slag and metal in steelmaking process. It influences both steel yield by
metal losses in the slag and the quality of steel being produced.
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The state of bath oxidation, in turn, is determined by the oxidizing capacity (oxidizing
power) of the slag which refers to its ability to su1pply oxygen to the bath in order to
oxidize undesired elements dissolved in the metal.?

There is, however, no clear opinion on selecting a criterion for the oxidizing capacity of
slags. Thus, whereas some investigators ! consider the concentration of FeO to be the
most objective criterion of slag oxidation, others ! claim that divalent and trivalent iron
should be accounted for when monitoring steelmaking processest*!.

Moreover, it has been reForted that the oxidizing power of slag is mainly determined by
the content of free FeO™*. The total molar concentration of ferrous oxide and ferric
oxide is assumed to characterize the oxidizing power of a slag.

It should also be noted that, although the concentration of iron oxide is frequently used
to refer to the oxidizing capacity of the slag, the latter, however, is difficult to be
defined in terms of bath oxidation because of the influence of carbon on the oxygen
dissolved in the metal, which almost erases any relation with the slag composition ©.

Taking into consideration that the main source of oxygen transfer to the bath is the iron
oxide in the slag, then the oxidizing capacity is determined by the activity rather than by
the concentration of iron oxide. At high iron oxide activity in the slag, oxygen is
transferred to the bath and vice versa at very low activity.

The main aim of the present work is to develop an "oxide capacity” which takes into
account the oxygen equivalence and not the activity of total iron oxide in the slag.

This oxide capacity can be used in estimating the distribution ratio of oxygen between
slag and molten metal and in monitoring the steelmaking operation. The activity of Fe;O
was also estimated in FetO-CaO- SiO2 slags in equilibrium with liquid iron at 1600°C
by using the regular solution model.

In addition, the experimental determination of the activities of iron oxide in the ternary
systems Al203-‘Fe0’-Si02, CaO-‘FeO’-Si02 and ‘FeO’-MgO-SiO2 was carried out
by other investigators . Furthermore, important data on thermodynamic activity for
slag systems are also available in the literature ™.

2. EXPERIMENTAL PROCEDURE

EFS has an EAF of 185 tons tapping capacity equipped with 133 MVA transformers,
EAF has three jet modules and one burner mounted on upper shell for oxygen, natural
gas and carbon injection three bottom porous plug for argon and nitrogen purging.

EAF molten steel samples are taken from each heat, according to E 1806 — 2001 ©
(Standard Practice for Sampling Steel and Iron for Determination of Chemical

Composition), identified by the heat number to determine chemical composition for
elements C, Si, Mn, P, S, Cu, Cr, Ni, Sn, ...,etc.

Table 1 shows EAF ranges of metal and slag samples analysis.
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Table (1): Ranges of metal and slag analysis.
Metal
C Si Mn P S

0.049-0.116 | 0.001-0.0098 | 0.007-0.071 | 0.004-0.021 | 0.018-0.062
Slag
CaO SiO; MgO MnO

23.97-49.23 | 12.75-20.86 5.6-10.4 1.92-5.16 | 19.92-30.321

A|203 P205
2.5-6.11 0.259-0.561

2.1. EAF Process Description

EAF process starts with scrap bucket charging inside the furnace followed by roof close
and start arcing using three graphite electrodes for supplying electrical energy to the
charge from transformer. At the start of melting process, the module system starts by
burring mode while the oxygen and carbon jets purge oxygen and natural gas with
certain ratio to provide chemical energy to the charge for melting proceeding.

After charge meltdown, DRI and lime continuous feeding starts and the module system
starts foaming mode by purging oxygen and fine carbon particles for create foaming
slag. The temperature of the melt was raised to about 1650°C before tapping.

After achieve required steel analysis furnace starts to tap the molten steel through
eccentric bottom tapping (EBT) into a ladle of 185 tones capacity. During tapping, slag
forming material, alloying elements and de-oxidant can be added.

After tapping, the ladle is transferred to ladle furnace-refining unit (LRF) to conduct the
steel refining process. Metal and slag samples were taken from the furnace at different
time intervals and from the ladle after final de-oxidation and composition adjustment.
The temperature was measured just before sampling.

3. RESULTS AND DISCUSSION
The slag analysis was used to estimate the activity coefficient and activity of total
ferrous oxide. The latter was utilized to assess the oxygen concentration in the metal.

3.1. Activity Coefficient of Total Ferrous Oxide

The model of regular ionic solutions was used in the present work to calculate the
activity coefficient of total ferrous oxide in the slag. The atom or mol fraction of the
component i in solution is given by the ratio

where n; is the number of g-atoms or moles of component i per unit mass of solution,
and n the total number of g-atoms or moles.
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According to this model, the activity coefficient of component 1,y; in a slag consisting
of k components is given by:

1 —i —
Inly =[— 22 Qu + X % Qu — X K i1 % %Q5] e 2)

Where X is the ionic fraction of the cation of component i and Qj; is the energy of
mixing of components i and j in kJ.

The ionic fraction of the cation can be calculated from:

vini
Xi =

- Yvini

where vi is the number of cations in a molecule of component, i and ni is the number of
moles of the cation in 100g of the slag. The magnitudes of the energies of mixing!” are
given in table 2; other magnitudes are assumed to be equal to zero. The following
expression (Kozheurov equation)®®! was obtained for the estimation of the activity
coefficient of total ferrous oxide in the slag.

[ 10x¢a0 (Xpeto + 20.10xp,,0 — 1) 1

iy — 1293 | 251000203 Cereco = 473mmo +473uno +416%ca0 | @
Feto = 7 | —5.94Xy40 — 5.0x5i02 — 1) |
| 4+9.20x5102 (4-54X41m0 — Xreto + 12.27%cqp + 12.27%xy g0 + D]

Table (2): Magnitudes of energy of mixing Qij of binary system ij kJ.
(FeO)—(CaO) | (Fe0)-(SiO,) | (FeO)-(Al,O;) | (MnO)-(SiO,)
-10.0 9.2 -25.1 -41.8
(MnO)-(Al,0) | (Ca0)-(Si02) | (Ca0)-(AI205) | (MgO)-(SiO»)

118.7 112.9 -104.5 -112.9

(MgO)-(A120,) | (Si02)-(AI20,) | (Ca0)-(P,0s)
137.9 125.4 -200.8

The total ferrous oxide in the slag, (Fe:O), mass%, is given by:
(FetO) = (FEO) + 0.9 (FE203) «vvvvvieieiecreieeieee e (5)

Where FeO and Fe,O3 are the stoichiometric iron oxides and 0.9 is the conversion factor
of Fe,O3 to FeO. The total ferrous oxide is considered as stoichiometric FeO.

The activity coefficient of FeO in CaO-SiO,-Al,03-MgO slags at 1600°C was
determined by other researchers.

3.2. Activity of Total Ferrous Oxide in Slag
The activity of total ferrous oxide was calculated by multiplying the activity coefficient
obtained from equation 4, by the cation fraction:

a(Feto) = V(FetO)XFeO .......................................... (6)
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The activity was used to assess the oxygen content.

3.3. Effect of Concentration on Activity of Total Ferrous Oxide

The relationship between activity and concentration of Fe;O in the slag was investigated
by using 268 samples collected from the furnace in the course of the steel making
process. The high correlation coefficient indicates strong linear correlation between
activity and concentration of FeO over the whole investigated ranges of basicity and
temperature. The range of basicity was from 1.879 to 2.36 and the temperature range
was from 1590 to 1670°C. Equation 7 also shows that the ratio of activity to
concentration of FeO in the range of parameters investigated is constant and equal to
0.0179, the result may be expressed by:

A(re,0) = 0.0179(Fe,0) (= 0.9518) ...covvvvvvrerrrrrrrrsrssnn @)

Figure 1, shows variation of the activity with the concentration of total ferrous oxide in
the slag.

1.1

y=0.0179x - 0.0193
" r=0.9518 A A

A(Fe0)

(Fe,0),wt%

Fig. 1: Variation of the activity with the concentration of total ferrous oxide in the
slag.

3.4. Effect of Direct Reduced Iron on Concentration and Activity of Total Ferrous
Oxide

The ratios of DRI in the metallic charge (DRI %) were 40, 50, 60, 70 and 80%. The

degree of metallization and carbon content of DRI were kept almost constant. Slag and

metal samples were collected from the furnace just before metal tapping.

The respective results are shown in figures 2 and 3, and can be described by the
empirical relationships:

O (ret0) (DRI%) = 0.0018 (DRI%) +0.075  (r = 0.951) ................. (8)
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(Fe:O) (DRI1%) = 0.098 (DRI1%) + 24.52 (r=0.952) ...coevennnnne. 9)
0.25
y =0.0018x+0.075
0.23 r=0.951

40 50 60 70 80 90
DRI%Z

Fig. 2: Variation of DRI with the activity of total ferrous oxide in the slag.
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Fig. 3: Variation of DRI with the concentration of total ferrous oxide in the slag.

Equations 8 and 9 shows that the concentration and activity of total ferrous oxide in the
slag increases with increasing DRI% in the metallic charge, which may be attributed to
the residual FeO in the DRI. Therefore, increasing the carbon content of DRI, addition
of coke, pig iron or iron carbide seem to be necessary to decrease iron losses in the slag.
The reduction of FeO by carbon also leads to CO formation!®, which enhances refining

by intensifying the bath boiling.

[10]

3.5. Solubility of Oxygen in Steel
The relationship between the oxygen solubility in liquid steel and the activity of total
ferrous oxide in the slag is given by:
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0
a(FetO) = L ............................................... (10)

[O]Max

Where [O] and [O]max are the concentrations of oxygen in the steel in equilibrium with
the slag under consideration and its maximum solubility in steel in equilibrium with
pure[F?O slag, respectively. The maximum concentration of oxygen was estimated
from!*H:

[0]max = €xp [6.2953 — 22222

| [ (11)

From equations 10 and 11, the oxygen concentration in steel can be assessed:

14552

= (12)

[0] = A(Fe o) exp[6.2953 —

Calculated oxygen content, [O]calc, was correlated with the measured oxygen
concentration, [O]obs, figure 4.

1600
1500 - y = 0.896x Y
1400 -
1300 -
1200 -

1100 -
1000 -
900 -
800 -
700 -
600

[O]Calc, ppm

850 850 1050 1250 1450 1650
[O]Obs, ppm

Fig. 4: Relationship between calculated and observed Oxygen concentration in the
steel.
The following empirical formula was obtained:
[0]cate = 0.896[0]ops (¥ =0.9583) ..ooovveivreviien, (13)
The values of the correlation coefficient and the coefficient of [O]obs are close to unity,

indicating satisfactory correlation between calculated and measured oxygen
concentration.
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3.6. The Activity of Oxygen in Steel

ajo is related to the concentration of oxygen as follows:
a[o] = fO [0] .................................... (14)

The activity coefficient, fjo;, depends on the metal composition as follows!:

logfio; = —0.20[0] — 0.45[C] — 0.133[S] — 0.021[Mn] + 0.07[P] — 0.13[S{] ..... (15)

The interaction parameters were taken from published work ™! and the activity was
obtained according to dilute solution model. Figure 5 represents the variation of the
activity calculated with the concentration of oxygen .

1400

1200 - ¥y =0.810x a A
r=0.9875 aa, oM

1000 - ad

800
)
m

600 -

400 -

200 o

0]

650 850 1050 1250 1450 1650
[O].ppm

Fig. 5: Variation of the activity with the concentration of oxygen in the steel.
The straight line satisfies the formula:
agey = 0.810 [0] (r =0.9875) ..o, (16)

Where temperature ranges from 1590 to 1690°C.The high correlation coefficient
indicates strong correlation between activity and concentration of oxygen in steel. The
activity coefficient of oxygen as found:

3.7. Calculation of Activity Coefficient and Activity of Carbon and Effect of
Carbon in Steel in Oxygen Activity Coefficient

In the present investigation 286 samples collected from the furnace in the temperature

range between 1590 and 1670°C with carbon content ranging from 0.035 to 0.116%

were used to correlate the activity coefficient of oxygen and activity of carbon with the

carbon content of the metal, figures 6 and 7.
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Fig. 6: Variation of the activity coefficient of oxygen with the concentration of
carbon in steel.
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Fig. 7: Relationship between the activity and concentration of carbon in liquid steel
in the temperature range 1590 — 1690°C.

ac) = 1.0704[C] r=0.9875 ... (18)
fio] = —0.850[C] + 0.793  r = —0.9455 .............. (19)

This equation 19 shows that an increase in the activity coefficient of carbon leads to a
decrease in the activity coefficient of oxygen.

The activity coefficient of carbon was calculated by using:

logfic) = 0.14[C] — 0.012[Mn] — 0.34[0] + 0.051[P] + 0.08[Si] + 0.046[S] ....... (20)
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The interaction parameters were taken from published work *! and the activity was
obtained according to dilute solution model:

a[C] = f[C] [C] ...................................................... (21)

The variation of ajc; with [C] is illustrated in figure 7, the temperature ranges between
1590 and 1670°C, equation 18 shows that carbon activity coefficient:

Based on the above-mentioned results, it can be noted that increased iron oxide activity
in slag, oxygen activity in steel and metal losses in slag caused by higher ratios of DRI
in metallic charge could be reduced by increasing carbon in DRI, adding carbon, iron
carbide or pig iron as carbon source to the charge.

3.8. Oxide Capacity of Slag
The oxide capacity of the slag, Co, may be obtained by using the oxidation reaction of
molten iron as follows:

Where (O) is the oxygen equivalence of total ferrous oxide in slag. Fe:O was calculated
and multiplied by 0.227, assuming that Fe;O is stoichiometric FeO, and Po; is the partial
pressure of oxygen in the gaseous phase, which can be found from:

VT (o) T (25)
with the equilibrium constant!*4!
Ko = L2 et (26)
Pp22
Ko = €xXp [ + 0.27] oo 27)

The oxide capacity bases on the use of Fe;O as the main oxide component for oxygen
transfer between slag and metal.

0) 14201

Co = — exp [T F 0.27] o, (28)

3.9. Effect of Temperature on Oxide Capacity

The oxide capacity was calculated for 268 slag and the corresponding metal samples
collected from the furnace in the temperature range between 1590 and 1670°C, The
results are illustrated in figure 8. The straight line satisfies the formula:
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—1.928 7 =(0.9765) ceoccvrerrrrcrrenn (29)
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Fig. 8: Effect of temperature on oxide capacity of the slag.

The high correlation coefficient indicates a strong relationship between the logarithm of
the oxide capacity and the reciprocal of the absolute temperature.

3.10. Effect of Carbon on Oxide Capacity
In order to reduce the temperature effect a narrow temperature range between1630°C
t01650°C was taken figure 9 and equation 30.

9.23
Yy =1.4098X + 9.0885
9.21 - r=0.906

9.19 -
o 917 -
s

9.15 -

913

9.11 A

9.09 . . .
0.015 0.035 0.055 0.075 0.095
[Clwt%

Fig. 9: Effect of carbon on oxide capacity of the slag.
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InCy = 1.4098[C] + 9.0885  (r=0.906) .....evrvvveerreerrrrrereneen (30)

Equation (30) shows that the oxide capacity increases with increasing carbon content of
the metal.

3.11. Effect of DRI Ratio on Oxide Capacity
The oxide capacity of slag is affected by DRI ratio as illustrated in figure 10, and
correlated in equation 31:

11.1

y =0.0022x+ 10.877
r=0.933

11.05 A

11 A

Lne

10.95 A

10.9 -

10.85

10.8 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90
DRI%

Fig. 10: Effect DRI ratio on oxide capacity of the slag.

InC,(DRI%) = 2.2 * 10"3(DRI%) + 10.877 (r = 0.933) ..vveevvvrrnen. (31)

The results show an increase of slag oxide capacity with increasing DRI in metallic
charge and reflecting strong correlation between DRI and slag oxide capacity.

4. CONCLUSIONS

e The activity coefficient of FeO can be calculated by using the model of regular ionic
solution and the activity is satisfactory used to estimate the oxygen concentration in
molten steel.

e Empirical relationships are given which show that both concentration and activity of
FeO increases with increasing DRI in metallic charge.

e The ratio of activity to concentration of FeO is constant and equal to 0.0179.

e The activity coefficients of oxygen and carbon in steel are 0.810 and 1.0704,
respectively.

e An "oxide capacity of slag" is mainly affected with temperature.

o The capacity increases with increasing carbon concentration in the bath.

e The "oxide capacity" increases with increasing DRI proportion in the charge.
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