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A way to use ladle slag to partially
replace limein BOF

R. K. Pathak, Veerababu Gollapalli, M. V. M. Rao, B. Kumar Guttula, S. Jee, Bhaskar K, V Suguna
Soumya

With the requirements of sustainable development and to adopt principles of circular economy in steel industry, slag
utilization has become a hot issue. As a consequence, 3R (Reduce, Reuse and Recycle) technique of waste handling
has become most popular among the industries. This paper focuses on recycling of Ladle Slag (LS) generated after
secondary refining process in BOF. Industrial trials were conducted with varying amount of recycled LS to the BOF at
Visakhapatnam Steel Plant (VSP), India. The effect of LS addition on steel refining was also studied by taking interme-
diate steel and slag samples at different stages of refining namely, 1%, 2¢/middle and end of blow (EOB). It was obser-
ved from the trials that LS addition helps in early slag formation due to its low melting point which was confirmed by
measuring in Ash Fusion equipment. Basicity and phosphate capacity of slag collected at different stages of refining
was compared with and without LS addition. High basicity of slag was observed in the early stages of blow which further
confirms that it helps in early slag formation. Phosphate capacity of BOF slag was calculated and found that it was better
than without LS addition. Effect of LS addition on the FeO generation in the BOF slag was also studied and it was found
that, particularly in first and middle stage of blow FeO generation was higher. However, FeO level was lower in the EOB
stage which confirms that it has no negative effect on BOF lining. Finally, it can be concluded that addition of LS in BOF
has no negative effect on steel refining and 1t of lime can easily be saved with 2t of LS addition.
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INTRODUCTION

In most of the countries, iron and steel making indu-
stries are now putting remarkable emphasis and thrust on
recycling of waste for sustainable development and envi-
ronmental management [1]. Steelmaking is energy inten-
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fore sending to casting from Ladle heating furnace (LHF)
is one of the most widely used global refining methods
[3]. During this process, considerable volume of ladle slag
(LS) is generated annually. The chemical composition of
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ladle slag varies according to type of steel grade produced
i.e. Al killed steel/ Sikilled steel, grade of steel and also on
amount of ferroalloys, aluminium, lime and synthetic slag
additions during steel making process.

In LHF, the refining slag usually is of a high basicity and cal-
cium oxide content, which is required for desulfurization
during refining. CaO, SiO,, AL,O,, and MgO are main oxides
present in the slag, which makes this slag a potential binder
in alkali activation [4-7]. Ladle slag is a high-calcium-based
alkaline industrial solid waste contains approximately 50%
Ca0 by weight, so it can be used to partially replace lime
in a metallurgical process [8]. However due to significant
variation in chemical compositions depending on the pro-
duction process, it may hamper the stability of the metal-
lurgical process in a steel plant. Therefore, for the appli-
cation described above has not been widely tried by many
authors [9]. It is a pre-melted flux with low melting point
and its melting characteristics are very much similar to syn-
thetic flux. So, it can also be used as an alternative for ladle
flux substitution [10-14].

Unlike BF slag, the utilization of LS is very limited. But it
is primarily crystalline in nature due to the high basici-
ty and slow-cooling conditions adopted during cooling
after dumping from the casting [15]. The crystalline phases
usually observed are dicalcium silicate (y-C,S), mayenite
(12Ca0.7AL,0,), periclase (MgO) and a trace of gehlenite
(2Ca0.AL0,.Si0,) [16,17]. LS do not contain any harmful
constituent which will affect the environment and it is a
mesoporous material with large specific surface area [18,
19]. The low recycling for reuse of LS slag was mainly attri-
buted to its volume instability i.e. disintegration of slag du-
ring cooling due to phase transformation and wide-ranging
slag composition [20]. The disintegration of LS slagis along
examined problem in the steel-making process, especially
while making silicon killed steels this phase transformation
causes disintegration of the slag in to a fine powder. There
has been quite a bit of studies were reported by various au-
thors and suggested different additives in order to prevent
disintegration and stabilization of LS slag [21-23].
RINL/VSP generates around 20 kg ladle slag per tonne of
crude steel. With this estimation, more than 1 million ton-
nes of ladle slag is generated per annum at RINL. RINL ge-
nerally makes Al/Si killed steel grades which contain low
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alumina in the range of 8-18% which makes it unsuitable
as replacement to synthetic slag. Variation in the chemical
composition of ladle slag generated at RINL is also quite
less as all generated slag is dumped at common dump yard
where it gets mixed and homogenised.

The objective of the present study is to recycle ladle slag
in BOF and to evaluate its effect on the process parame-
ters. Few researchers [24-25] studied the effect of ladle slag
addition on the lime dissolution rate during early slag for-
mation in BOF. They also reported that ladle slag addition
in BOF can reduce lime consumption by 2 kg per tonne of
crude. But in this study, lime saving of 7.5 kg per tonne of
crude steel was achieved on consistent basis in more than
60 heats (2 tonnes of ladle slag addition replaced 1 tonne
of lime). Ladle slag contains high alumina and in literature
[26-27], it is mentioned that high alumina hampers depho-
sphorization. In this study, ladle slag generated during the
regular production process in RINL/VSP were recycled for
partial replacement of lime in BOF and its effect on depho-
sphorisation at different stages of blowing were studied.
In addition to that effect of ladle slag on the BOF refrac-
tory erosion, its cooling effect during blowing along with
varying amount of ladle slag addition as a function of Si
content in the hot metal is also studied in detail. These pa-
rameters were not studied by the previous researchers.

THEORY AND CHARACTERIZATION METHODS
Melting and XRD analysis of ladle slag

Several researchers [24-25] have reported that ladle slag
addition in BOF helps in early slag formation due to its
low melting point characteristics. Sanghamitra Bharati et
al. [13] measured the melting point of ladle slag with Ash
fusion equipment and reported that it is less than 1603 K.
The slag composition reported in their study is slightly dif-
ferent from the current study as variation in the content of
alumina and silica is quite high. Hence, in order to ascer-
tain the melting and softening characteristics of ladle slag
used in present study, melting experiments were carried
out in Ash fusion equipment (Model: Carbolite GERO CAF
G5, heating rate: 8°C/minute, maximum temperature: 1873
K). The chemical analysis of ladle slag is presented in Table
1. Melting range characteristics of ladle slag is presented

in Figure 1. Six samples were tested with slight variation in
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composition to ascertain the melting temperature range
of ladle slag and found to be in the range of 1653-1693 K.
From the results it was found that average melting tempe-
rature of ladle slagis 1673 K (Hemisphere temperature).

X-ray diffraction analysis was carried out for deeper insight
to know the mineralogical constituents present in the lad-
le slag (Model: Panalytical Empyrean) using Cu Ka source
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between angle 26 of 10° and 90° with an increment of 0.02°
and is presented in Figure 2. (XRD, Panalytical Empyrean)
using Cu Ka source between angle 26 of 10° and 90° with
an increment of 0.02° and is presented in Figure 2. From
the results it was observed that major mineralogical phases
present in ladle slag are di-silicate calcium (C.S), periclase
(MgO) and Gehlenite.

Tab.1 - Chemical analysis of ladle slag (wt. %).

. Melting
Ca0 MgO sio, ALO, FeO MnO PO, s range (K)
I‘Sagge 40-48 11-13 18-22 8-18 1-3 1-2 0.2-0.4 0.2-0.3 1653-1693
Fig.1 - Melting range determination of ladle slag generated at RINL,
- y- OS5
= Perclase
:: a Gehlenite
E T
E "
£
-i—r-LdsJ uluL‘LnJA-.-hh- W “-MJ-‘-LMJL—“MJL\W 1.:'\.“...
l I WZ-IHL"IL\ {1I;uﬂl - h -
Fig.2 - XRD analysis of ladle slag.
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Slag weight estimation

Memorie scientifiche - Materie Prime

The slag weight calculations are based on the conservation of mass principle for the components Si/SiO, in the studied

system is presented in Equation (1).

Silicon balance:

Mt = [Mun*%Siia* (28/60) +Msc*%Sisc*(28/60) +Ms*%(Si02) st +Mc *%(Si02) e )/[(%S102) 5]

Where subscripts SL, HM, SC, SF and CL denote; slag, hot
metal, scrap, slag formers and coolant respectively. %Si,,,,
and %SiSCis used to donate silicon wt.% in hot metal and
scrap respectively. %(SiO,).. and *%(SiO,), is for silica
content (wt.%) in slag formers and coolant respectively.
Slag formers used in this study are lime, dolomite and la-
dle slag while iron ore is used as coolant. Unit of the cal-

culation is in tonnes.

Cooling effect of ladle slag

Dahlin et. al. [24-25] reported that the iron ore consump-
tion is reduced with ladle slag addition due to disturbed
heat balance. However, cooling effect of ladle slag was
not estimated and compared with iron ore in their study.
Quantification of iron ore reduction with ladle slag addi-

(eq.1)

tion was also not reported. In this study, an attempt was
made to approximately estimate the cooling effect of la-
dle slag through the data available in the literature. S.K.
Gupta [28] estimated the cooling effect of iron ore which
was based on the two effects: a) Sensible heat of iron ore
b) Reduction of FeO/Fe,O,. The cooling effect of iron ore
is presented in Table 2. He also stated that as iron content
of iron ore decreases its cooling

effect decreases due to lesser amount of chemically bon-
ded oxygen. Cooling effect of ladle slag was estimated
with the specific heat capacities of slag reported by Wang
et. al. [29]. The specific heat capacity of slag is presented
in Table 3. Average melting point of ladle slag is taken as
1673 K as per Table 1.

Tab.2 - Cooling effect of iron ore.

Addition

Heat effect (M]/t)

%Fe %0,

Iron ore

4788 70 30

Tab.3 - Specific heat capacity of slag.

Average specific heat capacity . Average specific heat capacity
Slag of solid materials Latent heat of fusion of liquid materials
Unit kl.kgtkt kl.Kg kl.kgtk?
1.0 209.2 1.247

Cooling effect of ladle slag is estimated approxima-
tely 2022.2 MJ/t which is about 0.42 times of iron ore
(4788/2022.2=0.42). Cooling effect of ladle slag estima-
ted is just an approximate value but it gives insight to the
blowers in real time to maintain thermal balance of BOF

vessel with respect to the opening temperature.

Phosphorus partition ratio and phosphate capacity of
BOF slag

Yang et al. [30] have described several notations for pho-
sphorus partition ratio, although all have explicit meaning.

In this study, partition ratio is described in Equation (2).
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LP can easily be calculated from slag and corresponding
steel sample compositions taken at different stages of
blowing.

The dephosphorizing ability of slag can be calculated by
considering its phosphate capacity.

[P]+%[o]+§

2{0*‘ )

(%POY) K,iay
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The gas-slag equilibrium reaction in Equation (3) can be

used to introduce the phosphate capacity (CPO + ) which
is defined by Wagner et al. [31].

(PO (3)

5

C..

PO; 1

PEPd-

BT O

where (%POj_ ) is the mass% of phosphate ions in the

slag, (KPOi,) is the equilibrium constant for formation of

reaction given in Equation (3), (P) is the partial pressure

of species i, (f,) is the activity coefficient of species I and
5

(@, )is the activity of in the slag. (POZZ) can be estima-

ted with Equation (4). Pathak et al. [32] explained the pro-

cedure for the

estimation of phosphate capacity of BOF slag, the same

has been adopted in this study.

Experimental Procedure

Plant trials were carried out at RINL/VSP 150t BOF in Visa-
khapatnam, India. Ladle slag (LS) derived after secondary
refining in ladle refining furnace (LRF) / Argon rinsing sta-
tion (ARS) is dumped into the container after the casting.
Then crushing and classification was carried out y using
crushers, magnetic separators and screens to get ladle
slag in the desired size range of 10-60 mm and used in the
present study to partially replace lime in BOF.

5

oo

Plant Trials
The campaign of recycling ladle slag was conducted in 80
heats. Out of 80 heats, in 60 heats, 2 t of ladle slag was
added per heat while in rest of the heats, 0.5-1.5 t of ladle
slag was used.
To comprehend the partial replacement of lime with la-
dle slag in BOF, in every heat, ladle slag was added at the
bottom the convertor after the scarp addition and studied.
During trials with ladle slag, soft blowing tendency was
observed which was handled by modifying lance profile
without changing the oxygen flowrate. Apart from lime
replacement, effect of ladle slag addition on refining of
steel particularly dephosphorization, was also studied in
this study. In this perspective, 16 exclusive industrial trials
were carried out in which ladle slag was added in 8 hea-
ts while heats were normal heats. Steel and slag samples
along with temperature were taken at different stages of
refining. The stages at which samples are
collected are given below.
1. Initial phase: blown oxygen ranging from 2,500-3,500
Nm3 (After desiliconisation period).
2. Middle Phase: blown oxygen ranging from 4,600-
5,800 Nm3(During peak decarburization period)
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3. End of Blow (EOB): blown oxygen ranging from

7,000-7,500 Nm?,
In every heat, blowing was stopped twice and the conver-
ter was tilted forward to take slag and bath samples along
with temperature. Slag samples were collected with the
help of the spoon which is used to scoop the slag from
the BOF converter while steel samples were taken with a
lollipop sampler. The chemical composition of slag was
analysed in wavelength dispersive X-ray fluorescence
(WDXRF) spectroscopy (Axios mAX, Malvern Panalytical,
United Kingdom). The composition of steel samples was
done by Thermo Fisher Scientific ARL iSpark 3500 optical
emission spectrometer (OES).

RESULTS & DISCUSSION

Early slag formation

Lime dissolution is the most important aspect in BOF re-
fining process. As per literature [33], it is clear that during
blowing added lime interacts with slag and heats up with
a slag layer on it then it will be solidified around the lime
particles. Re-liquefaction of frozen layer and dissolution
of lime can only take place after the penetration of molten
slaginto the pores of lime. This penetration process is in-
tensified if sufficient amount of FeO present in the slag as
it reduces the viscosity of BOF slag. Hence, optimum FeO
generation is the most important aspect of lime dissolu-
tion in the early stage of blow.

In RINL, all the slag formers are added within the 3-4 mi-
nutes of the blow to avoid disturbance in the blow dyna-
mics inside BOF. Later addition of slag formers disturbs
the gas flow during blowing and hence disturbs the ove-
rall blowing process. Lime reactivity is also a concern for
RINL as it is varying in the range of 270-300 which is quite
low as per the standard reactivity of 350. Thus, at RINL,
lime addition during blowing is deliberately kept on the
higher side and will be around 10-15 times of the Si con-
tent present in the hot metal which is 1 tonne extra that is
being calculated with the mass balance model to maintain
end of blow slag basicity of 3.5, Lime addition decreases
as Si content of hot metal increases. It is generally 15 and
12 times when Si content of hot metal is less than 0.4 and
in the range 0.4 to 0.7 respectively beyond that it is 10 ti-
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mes.

It was observed from the intermediate steel and slag sam-
pling for normal heats (without ladle slag addition) parti-
cularly at the 1t stage of blow i.e., 2500-3500 Nm? of oxy-
gen that FeO level in the slag was low and with average
value of 13.3% as shown in Figure 3. This low FeO levelin
early slag resulted in low basicity which is varying in the
range of 1.5-2.2 with average value of 1.8, Outcome of low
FeO and basicity in the early stage of blow is reflected in
lower dephosphorization efficiency of 20%. Liu et al. [34]
reported that dephosphorization efficiency of 44% was
achieved in their study particularly in the 1stphase of blow
with average basicity of 1.8. This low basicity is understan-
dable in their study as the amount of lime was adjusted
for only this stage, after that deslagging was done and
another batch of lime was added. However, in this study
all lime was added initially which means that lime dissolu-
tion was not proper which is reflected as low slag basicity
of 1.8. Average bath temperature recorded in this study
and the study conducted by the Liu et al. [34] was 1793 K
and 1600-1700 K respectively.

The same trial was repeated with 2 tonnes of ladle slag
addition and intermediate slag and steel samples were
collected after same interval of blow. It was observed that
average FeO generation was higheri.e., 15.1% compared
to without ladle slag addition which in turn increases the
average basicity of the slag to 2.8. High basicity of slag
may be attributed to low melting of ladle slag that is 1673
K helps in its easy dissolution along with increasing kine-
tics of lime dissolution. Maintaining high FeO and basicity
helps in achieving high average dephosphorization effi-
ciency of 26% even though lime addition was reduced by
1 tonne with ladle slag addition as presented in Table 4. It
was also observed that the slag properties are not affected
but rather got improved with ladle slag addition particu-
larly with respect to FeO, basicity and dephosphorization
efficiency. Apart from high FeO and basicity of slag, avera-
ge temperature of bath after 1% stage was lower with ladle
slag addition i.e., 1696 K which also helped in achieving
high average dephosphorization efficiency. Low opening
temperature was mainly due to high cooling effect of ladle

slag.
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Middle blow period

As per Cicutti et al. [35] and IMPHOS report [36], middle
blow period experiences the peak decarburization with
sharp decrease in FeO content of the BOF slag. Cicutti et
al. [35] conducted trails in 200 t converter and collected
samples at different stages of refining and observed that
minimum FeO was present in the slag close to the middle
period of refining. The same phenomena were observed
in the present study for both trials with and without lad-
le slag addition. High FeO level in the early stage of blow
with ladle slag addition was helpful in maintaining good
FeO level even in the middle blow. Average FeO level in

La Metallurgia Italiana

International Journal of the Italian Association for Metallurgy

the middle stage of blow was 14% and 12% for with and
without ladle slag addition. Phosphorus reversal in the
middle blow was observed in only 2 heats without ladle
slag addition which may be due to thick slag formation.
Phosphorus reversal was not observed with ladle slag ad-
dition. This was possible because of low melting point of
ladle slag helped in maintaining good FeO level and low
viscosity of refining slag. In few heats (without ladle slag
addition), thick slag was observed while taking samples in
the middle blow particularly in those heats where FeO le-
vel was less than 10%. Thick slag was not observed with
ladle slag addition.

0.120
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{ Avg 6F ed)
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Fig.3 - Variation of wt. %FeO and wt.%P as blowing proceeds with and without ladle slag addition.
(LS-with ladle slag addition, WLS-without ladle slag addition).

End of blow period

Last stage or end of blow period is characterised by weak
decarburization reaction as carbon is depleting towards
the end of blow. Majority of oxygen is utilized generating
FeQ, temperature starts to increase with decrease in slag
viscosity of slag. Lime dissolution approaches towards
completion and favourable conditions for dephosphori-
zation are maintained. The comparison of slag formers ad-
dition on the basis of process parameters with and without
ladle slag addition is presented in Table 4. It is observed
that lime consumption was reduced by 1 tonne with ad-
dition of 2 tonnes of ladle slag is not affecting the steel

refining. Slag basicity which is the direct measure of lime
availableinslaganditis higher with ladle slag addition. The
slag basicity was continuously increasing from 2.8-3.1-3.3
for all three stages of blow with ladle slag addition whi-
le without its addition it was 1.8-2.7-3.2 in spite of higher
lime addition as shown in Table 4. Figure 3 suggests that
FeO levelisincreased from 12% to 19% and 14% to 17.5%
for both with and without ladle slag addition for the 1stand
last stage of blow while some reduction was seen in FeO
level particularly in middle stage of blow for both. FeO le-
vel with ladle slag addition was higher for first two stages

of blow but lower in the last stage of blow. This can be
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explained as iron ore addition was lower by approximately
800 kg with ladle slag addition as the cooling efficiency of
ladle slag is almost 0.4 times of the iron ore and the iron
ore addition was mainly done in the peak decarburization
period. Hence, low iron ore addition during middle stage
of blow resulted in low FeO level in the last stage of blow
with ladle slag addition as shown in Table 5. The ladle slag
addition effect is also visible in the opening temperature
of steel bath. Hot metal temperature difference between
normal heats and with ladle slag addition was 34°C and it
was higher for normal heats and almost same difference
of 30°C was observed end of blow stage. Input and output
temperature difference was same for both trial conditions
with reduction of 800 kg of iron ore. Average turndown
phosphorus with ladle slag addition trials was 0.015%
while it was 0.020% for normal heats. Dephosphorization
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efficiency was slightly better with ladle slag addition that
is 85% while it was 82% for normal heats with reduction in
lime and iron ore consumption by 1 tonne and 800 kg re-
spectively. Dephosphorization efficiency is not compro-
mised even by maintaining low FeO level in the turndown
steel. As, high FeO in slag reduces viscosity [37] and may
reacts with MgO present in the refractory and erosion oc-
curs. Thus by maintaining low FeO level in the slag with
ladle slag addition at the end of blow does not have any
adverse effect on refractory erosion. Moreover, low FeO
level in the last stage of blow will help in improving iron
yield by approximately 200 kg compared

Tab.4 -Comparison of slag formers addition on the basis of process parameters:
with and without ladle slag addition.

Parameters Unit Normal heats* I35 ‘;Vcijmtligﬂle slag Difference
Hot Metal T 136 136 +0
Scrap T 12 12 +0
CinHM wt. % 4.2 4.3 +0.1
Siin HM wt. % 0.60 0.60 0.0
Pin HM wt.% 0.105 0.111 +0.006
HM Temperature K 1650 1616 34
Lime actual Kg 8415 7416 -999
Dolomite Kg 2623 2623 0
Iron Ore Kg 3373 2541 -832
Ladle Slag Kg 0 2000 2000
Tapping temperature K 1976 1946 -30
Oxygen Nm? 7438 7457 19
Slag Weight T 13.1 14.3 1.2
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Tab.5 - Comparison of important parameters for dephosphorization in steel during refining:
with and without ladle slag addition.

Normal Heats* Heats with Ladle slag addition

Parameters 2500-3500 4500-5800 Nm3 | 7000-7500 Nm? | 2500-3500 Nm?® | 4500-5800 Nm?3 | 7000-7500 Nm?3
Nm3(B1) (B2) (EOB) (B1) (B2) (EOB)
%FeO in Slag 13.3 12.1 19.0 15.1 13.8 17.5

Basicity 1.8 2.7 3.2 2.8 3.1 3.3

%P in steel 0.089 0.064 0.02 0.074 0.047 0.015
Temperature (K) 1793 1927 1976 1696 1868 1946
% Dephosphorization 19.8 42.3 82.0 26.9 53.6 85.2
L, 9.8 21.2 96.8 14.3 34.1 113.2
Phosphate capacity 18.1 17.1 17.3 19.6 18.0 17.7

*Normal Heats: Heats without ladle slag addition, B1-1'stage of blow, B2-2" stage of blow, EOB-End of blow

Slag analysis and weight at the end of blow stage

The slag former additions are mainly governed by hot me-
tal, scrap weight and silicon content. Comparison of slag
weight with and without ladle slag addition is presented
in Figure 4. It may be observed that average slag weight
is 1.2 tonnes higher with ladle slag addition compared to
without its addition. Since, ladle slag is treated as slag for-
mers, the total addition of slag formers increases, which

With ladle slag (LS)

ultimately increases the slag weight. Furthermore, the
slag weight calculation is performed as a function of the
hot metal silicon content. On average, the total amount
of slag former additions is increased by 1001 (2000-999)
kg when ladle slag is added considering the reduction in
lime addition.

The two linear regressions in Figure 4 can be represented
by the following equations;

Ms = 11.06x+7.87 (5)

Without ladle slag

Ms. = 11.26x+6.99 (6)

Figure 5 shows the average slag composition of heats
with and without ladle slag additions. Minor differences in
ALO, and FeO contents was observed with and without
ladle slag heats however in other components the diffe-
rences are negligible. Amount of alumina in BOF slag is an
important parameter for consideration while using ladle

slag as it contains high alumina (8-18%). It is mentioned

in the literature [27] that high alumina content of the BOF
slag hinders the dephosphorization reaction by stabilizing
calcium-aluminium-ferrite and reduces the amount of C,S
and also the phosphorus contentin C,S. It was also repor-
ted that alumina content in BOF slag should be less than
4% in order to minimize its effect on dephosphorization
efficiency.
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Fig.5 - Average slag composition of heats with and without ladle slag additions.

High alumina content particularly in the 1%t stage of blow
with ladle slag addition heats was observed in the present
study. Figure 6 shows the variation of alumina in slag for
all three stages of blow with and without ladle slag addi-
tion. Alumina content in the slag was 1.3-1.3-1.4% and
1.0-1.1-1.0% with and without ladle slag addition for all
three stages of blow. Maximum alumina was found to be

2% in one heat with ladle slag addition while its average

value was less than 1.5% in all stages of blow.

Phosphorus partition ratio and phosphate capacity of
BOF slag

Phosphorus refining is not only dependent on the FeO
content and basicity of slag but it is also strongly depen-
ding on the tapping temperature as shown in Figure 7. It
can be seen that the phosphorus partition ratio is decre-
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ased with an increased tapping temperature. Moreover,
noticeable difference in the phosphorus partition ratio is
seen between normal and with ladle slag heats. Average
partition ratio with ladle slag addition was 14-34-113 for
all three stages of blow while it was 10-21-97 for normal
heats. Higher partition ratio resulted in lower turn down

phosphorus with ladle slag addition heats compared to
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ping temperature is plotted in Figure 8 and it shows that
content of turn down P in steel increases with increasing
temperature. Average phosphorus for normal heats was
0.02% while it is 0.015% with ladle slag trial heats. This
may be due to the favourable conditions required for de-
phosphorisation is achieved by ladle slag addition such as

high basicity, low opening temperature and optimum FeO

normal heats. Turn down phosphorus with respect to tap-  level.
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Fig.6 - Variation of alumina content with and without ladle slag addition in BOF:
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Phosphorus partition ratio is also dependent on the MgO
content of slag. Chen et al. [38] and Basu et al. [39] con-
ducted trials in industrial converter and found that the
sudden decrease in L, with increasing MgO is attributed to
the significantly decreasing the activity coefficient of FeO
and increasing the activity coefficient of P,O.. Phosphorus
partition ratio is also plotted with respect %MgO in slag
as shown in Figure 9. It is following the same trend as LP
decreases with increase in MgO content of slag. It was ob-
served that MgO level in all stages of slag contains less
wt.% MgO with ladle slag addition compared to normal
heats. This may be due to dilution effect as slag weight is
more for heats with ladle slag addition.

Phosphate capacity of slag was calculated for all three
phases of blowing and is plotted against the temperatu-
re as shown in Figure 10. From the results, it was obser-
ved that it decreases with an increase in temperature. The

findings are consistent with the reported results [40-42].

This is due to the stability of (%POj_) ion in the slag.
Average phosphate capacity of BOF slag with ladle slag
addition was slightly better than that of normal heats and
it was presented in Table 5.

Blow condition

In some heats, soft blow was observed particularly near
about 3000-4000 Nm? of oxygen. This may be due to low
melting point of ladle slag which dissolves fast and form
high slag volume. This soft blowing tendency was cor-
rected by modifying the lance profile. The comparison
of lance profile is presented in Table 6. Changing initial
blowing height from 2.8 mto 2.4 m helped in controlling
the slag volume and the soft blowing tendency was con-
trolled.
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It was also observed that ladle slag addition is a function
of Si content of the hot metal. Hence, ladle slag addition is
encouraged to more than 2 tonnes (2.5 tonnes), when si-
licon content of hot metal was less than 0.4%. Because at
such low Si level, slag formation is difficult and slag volu-
me required for refining is inadequate. Ladle slag addition

may solve this problem. In similar way, ladle slag addition
should be reduced be restricted to below 2 tonnes when
Si level is more than 0.8% while for Si level in between
0.41-0.80% Siwhich is also the case of this present study,
2 tonnes of ladle slag was added. The ladle slag addition
chart as a function of ladle slag is presented in Table 7.
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Tab.6 - Blowing lance profile:

Existing lance profile

Modified lance profile

Lance Height (m) Oxygen blow range (Nm?) Lance Height (m) Oxygen blow range (Nm?)
2.8 1-1600 2.4 1-2000
2.6 1601-2800 2.2 2001-5000
2.4 2801-3600 2.0 5001-6500
2.2 3600-4100 1.8 6501-blow end
2.4 4101-4800
2.0 4801-6500
1.8 6501-blow end

Tab.7 - Ladle slag addition chart as a function of silicon content of hot metal.

- Amount of ladle slag to g g
(s
S No. Wt.% Si in hot metal be added per heat (kg) Lime saving per heat (kg) Remarks
1. 0.35-0.50 2500 1200-1300
Lime saving is 50-60% of
2 0.51-0.80 2000 1000-1100 the ladle slag addition
3. 0.81-1.00 1500 700-800

CONCLUSIONS
The objective of this study was to investigate the effect of
recycled ladle slag in BOF on various parameters such as
partial replacement of lime with ladle slag, slag formation
particularly in early stage of blow, steel quality (depho-
sphorization efficiency), vessel lining erosion and ease of
blowing operation. The results are summarized below.
1. Melting point of ladle slag was measured with the
help of Ash Fusion equipment. It was found that melting
range of ladle slag is varying from 1653-1693 K. Hence,
average melting point taken in this study was 1673 K.
2. In the present study, it was observed that for every 2
tonnes of ladle slag addition, lime consumption is redu-
ced by 1 tonne per heat. Hence, specific lime consump-
tionis reduced by 7.5 kg per tonne of crude steel.
3. Ladle slag addition helped in early slag formation.
This is established with the help of intermediate steel

and slag samples. Average slag basicity with ladle slag
addition in 1%t stage of blowing i.e., B1 was found to be
2.8 as compared to 1.8 without its addition. The slag ba-
sicity is increased in spite of low lime addition with ladle
slag addition.

4. Dephosphorization efficiency of heats with ladle slag
addition was slightly better than without its addition.
This is further confirmed with the partition ratio and
phosphate capacity of BOF slag; both showed improved
results with ladle slag addition.

5. Cooling effect of ladle slag is estimated with the help
of thermodynamics and it is compared with iron ore ad-
dition. It was estimated that cooling efficiency of ladle
slagis 0.42times of iron ore. Hence for every 2 tonnes of
ladle slag addition, iron ore consumption is reduced by
800 kg per heat (6 kg per tonne of crude steel).

6. High cooling effect of ladle slag resulted in reduction
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of iron ore requirement during blowing in order to get
optimum opening temperature. This results in low FeO
generation in the blow end period and helped in impro-
ving the iron yield by approximately 200 kg per heat.
However, low FeO generation has no adverse effect on
dephosphorisation efficiency as well as on refractory
erosion with ladle slag addition.

7. It was observed that slag weight is slightly increased
with ladle slag addition by 1 tonne per heat. The same
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has been observed in the previous studies of several au-
thors.

8. In some heats, soft blow was observed; this is due to
early slag formation with ladle slag addition (low mel-
ting temperature). The same has been addressed by
modifying the lance profile.

9. Ladle slag addition chart as a function of hot metal si-
licon level was also presented in this study:.
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