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ABSTRACT

The optimal hot metal desulphurisation (HMD) slag is defined as a slag with a sufficient sulphur
removal capacity and a low apparent viscosity (nsag) Which leads to low iron losses. In part | of this
study, the fundamentals behind the optimal slag were discussed. In this part these fundamentals
are explored by a Monte Carlo simulation, based on FactSage calculations, plant data analysis and
melting point and viscosity measurements of the optimal slag. Furthermore, the applicability of
knowing the optimal slag composition for an industrial HMD is discussed.

Abbreviations: BF: Blast furnace; HMD: Hot metal desulphurisation; MCS: Monte Carlo simulation;

RFM: Random forest model; XRF: X-ray fluoresence

Introduction

Slag is an important aspect of the hot metal desulphurisation
(HMD) process, as it has to contain the sulphur that is
removed from the hot metal by the reagents magnesium
and lime. The slag also leads to iron losses in the HMD
process, both by entrapping iron droplets (‘colloid loss’) and
by entraining iron when the slag is skimmed off (‘entrainment
loss’). The aim of this study is to find the composition of the
optimal slag for the magnesium-lime co-injection HMD
process for sulphur removal as well as iron losses. In part |
of this study [1], the influence of slag composition on its
sulphur removal capacity and on the iron loss was described.
In part Il, which is presented in this paper, the theory from
part | is evaluated with a Monte Carlo simulation (MCS)
using thermodynamic modelling data from FactSage 7.3 [2],
with viscosity and melting point measurements of the
optimal slag and with industrial data from the Tata Steel
plant in Umuiden, the Netherlands.

As for the magnesium-lime co-injection HMD process, the
main desulphurisation reactions (reactions 1-2) take place in
the hot metal, after which the sulphur is stabilised in the slag
[3-5].

[Mg] + [S] = Mg5(s) (1
MgS(s) + CaO(s) = CaS(s) + MgO(s) (2)
CaO(s) + [S] = CaS(s) + [O] 3)

Therefore, the slag and hot metal are not in equilibrium
with regards to sulphur distribution, which was validated
with plant data [1]. This means that an HMD slag with a
sufficient sulphur removal capacity should contain enough
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lime to react with sulphur (reactions 2 and 3) and should
have a high enough basicity to allow reaction 2 to proceed.
Under industrial circumstances this is a B2>1.1 [6]. The
definition of B2 (basicity) is given by the following equation:

_ Xcao
Xsio,

B2 (4)

Here Xcq0 and Xsjo, are the mass fractions of CaO and SiO,,
respectively. The basicity of the HMD slag should at the
same time be low to minimise the iron losses, because a
higher B2 leads to a higher solid fraction in the slag.
Roughly half of the iron losses in an industrial HMD plant
are caused by colloid losses (iron droplets captured in the
slag in a colloid, which are removed together with the slag
during skimming). These colloid losses can be reduced by
decreasing the slag viscosity (Nsag in Pass). This nggeqg
depends on the viscosity of the liquid fraction of the slag
(no) and the slag’s solid volume fraction (¢;qg). The Ein-
stein-Roscoe equation shows their dependence [7]:

MNstag = Mo - (11— Ps,slag * a)™" (5)

Here a and n are empirical constants [1].

As was discussed in part |, different slag components have
their influence on the sulphide capacity (Cs), and thus the
sulphur removal capacity, and on ngjqg either by changing
the slag’s solid fraction (Xsjiq) OF Via no. Table 1T summarises
the effect of the separate slag components, as well as the
temperature, on Cs, Xsoig and no. It shows that slag com-
ponents that lead to a higher Cs, thus a better sulphur
removal capacity, often also lead to a higher ng,, which
results in higher iron losses. The optimal slag should find
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Table 1. Effect of separate slag components and temperature on Cs, Tj; and n,
impact is indicated ranging from wv (very negative) to AA (very positive) [1].

Component Cs Xsolid No
Ca0 AA AA v
Sio, v v A
Al,03 v v v
MgO 0 AA v
TiO, v v v
Na,O A v v
K,0 A v v
MnO A v v
CaF, v vy v
CaCl, 0 v v
FeO, v v v
Temperature A v v

the balance between a high sulphur removal capacity and
low iron losses.

HMD slag thermodynamic simulation
Monte Carlo simulation input

To get a better picture of the thermodynamic influence of all
slag components on the solid weight fraction (X;;4), @ Monte
Carlo simulation (MCS) was done with FactSage 7.3 [2] (using
CON2, a consortium database), with 18,776 different HMD
slag compositions. In this MCS, realistic values are used for
the slag composition and its temperature, but, unlike indus-
trial slags, these values have no interdependences. Within
the given ranges, the slag composition of the MCS is comple-
tely random. With industrial slags, the concentration of
several components is correlated, because they are
influenced in the same way by the BF process, or because
BF operation actively aims for certain composition ratios
(for example B2). Therefore, the MCS allows analysis of the
influence of individual components on Cs and iron loss,
which is not possible with analysis of industrial data.
Table 2 gives the ranges that were used for the MCS.

It should be noted that the total composition is always
normalised to 100%, which leads to a skewed distribution
of the weight fractions of, especially, CaO, Al,Os, SiO, and
MgO. Higher weight fractions appear to be less frequent.

Solid fraction

For optimal HMD slag, the solid fraction (X.4) should be low.
To analyse which components, thermodynamically, lead to a
low solid fraction, a random forest model (RFM) is created
based on the MCS data. This RFM is based on 50 decision
trees, each with an end node size of at least 10. With this

Table 2. Composition and temperature ranges of the slags in the MCS.

Component Min (wt-%) Max (wt-%)
Ca0 25 50
Al,03 0 20
Sio, 10 40
MgO 5 30
MnO 0 5
FeO 0 10
TiO, 0 5
P,0s 0 3
V,05 0 3
Cr,03 0 3
Na,O 0 5
K,0 0 5
Temperature 1150°C 1500°C
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model, it is determined how well the output, X,j;4, can be pre-
dicted based on the parameters, in this case the slag com-
ponents and temperature. Figure 1 shows the impact,
relative to the distribution, of the parameter on X4 and
whether an increase in this parameter leads to an increase
(a) or decrease (¥) of X,uji. The larger the impact, the more
Xsolig €an be influenced by changing that parameter.

The RFM shows that temperature has the largest influence
on Xsoiiar Which is in agreement with literature. Because CaO,
SiO,, Al,O3 and MgO have the largest fractions in the HMD
slag, also in the MCS, their influence on X;s is the most sig-
nificant as well. Here MgO and, to lesser extent, CaO increase
Xcolia» While SiO5 decreases X;jiq. Al.O3 decreases X,y as well,
but above 12 wt-% it starts to increase X,y This is all in
accordance with the theory, as discussed in part | [1]. It is
remarkable that the relative impact of alkali metal oxides,
K,0 and Na,O, on X,q is in the same order of magnitude
as the impact of CaO and Al,0s. Alkali metal oxides are
known to have a strong effect on T, of a slag [8]. Further-
more, FeO only has a small impact on lowering X;,; accord-
ing to the MCS. This is remarkable, as in part | it was
explained, based on FactSage calculations, that FeO lowers
Tiig: and thus X,oq. However, because the MCS was done
under inert conditions, so no free oxygen, FeO itself does
not shift between the solid and liquid phase. FeO does
lower Tp,er, but this only influences Xy of the slag if the
temperature of the slag is close to this T,,e. As the tempera-
ture in the MCS ranges from 1150 to 1500°C, this is only the
case for a small portion of the simulated slags, hence the
small impact of FeO on X4 in the MCS. The impact of the
remaining minor elements is low, as could be expected.

Figure 2 gives a heat map of the influence of the two most
important parameters, temperature and MgO, on X4 (in the
heat map Xjiquiq is depicted), based on the MCS results. It indi-
cates that when the MgO concentration is the slag is
decreased by 1 weight per cent point, the slag temperature
can be roughly 4°C lower to have the same X5 and thus
the same iron losses.

Sulphur removal capacity

As this MCS assumes a homogeneous slag at equilibrium, the
sulphide capacity (Cs) is used to determine the sulphur

Parameter | Relative impact
Temperature |
Mg0 |
S10; '
CaO
AlOs
K:;0
NagO
FeO
P20s
TiOx
V20s
| MnO
Cl'303

Xsolid

> <> 4> <4< > <«

Figure 1. Relative impact, corrected for the distribution, of the parameters of
the MCS on X4 according to the random forest model. The right column
shows if Xy is increased (A) or decreased (w) by increase in the parameter
value.
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Figure 2. Heat map of Xjq,;4 as a function of temperature (x-axis) and MgO concentration (y-axis).

removal capacity of the slag, as is explained in part I [1]. Cs is
calculated with Equation (6):

(6)

Here Xis) is the weight percentage of all sulphides in the slag
and po, and ps, are the partial pressures for oxygen and
sulphur, respectively. The calculations were performed at a
fixed po, = 10° atm. and ps, = 10~* atm [1]. The current calcu-
lations do not take into consideration the effect of pp, and ps,
on Cs, which plays a part in high sulphides containing slag

[[]all | highest 25% C,

(~ 10wt.% CaS in HMD slag). The role of pp, and ps, for Cs
calculations is explained by Moosavi-Khoonsari and Jung [9].
To see the thermodynamic influence of the independent slag
components on Cg, a density plot is made based on the MCS
results, showing the slags with the highest 25% Cs and with
the highest 25% Xj;q.iq (see Figure 3). The density plot visualises
the influence of an individual slag component on Cs.

The difficulty in designing an optimal HMD slag is well
illustrated by a comparison of the MCS results for Xj;4,i4 and
the results for Cs. Oxides that are thermodynamically ben-
eficial for a high Xjquiq (and thus a low Xy, like SiO,,
also lead to a low Cs. CaO increases the Cs, but decreases

{ highest 25% X

0.08
i 1000000
0.06 750000
004 e 500000
002 ¢ 0.02 250000
0.00 0.00 0
0 5 10 15 20 25 30 35 40 45 50 0 1 2 3 0e+00 1e-05 2e-05
Al,0; (wt%) CaO (wt%) Cr,0, (wt%s) G ()
b TENN 020 [ = 300, P 0.20 SN,
0.15 0025 ¢ 0.15
0.06 0.10 0.050 ‘= 0.10
0.03 0.05 0.025 0.05
0.00 0.00 0.000 0.00
£ 00 25 50 75 100 0 4 g 8.4 8§ 10 20 30
§ FeO (wt%) K,O (wt3%) MgO (wt%)
® 0.100
i i 0.006
0.15 i 0.004
0.10 gz
o 0025 /. 0.002
0.00 0.000 — 0.000
10 20 30 40 1200 1300 1400 1500
Si0, (wt%) T(°C)
0.25
0.20 0.09
015
010 ¢ e )
0.05 003 Lt
0.00 0.00 —=== -
1 2 3 4 5 0 1 2 3 0 25 50 75 100
TiO, (wt%) V,0, (wt%) Xiquia (Wt%)

Figure 3. Density plot of the slag components, temperature, Cs and Xjq.iq for the complete dataset (solid black line), the 25% slags with the highest Cs value

(dashed red line) and the 25% slags with the highest Xjq,;s from the MCS.



Xiiquia- Acidic slag components, like SiO,, Al,O5 and, to lesser
extent, P,O5 and TiO,, all decrease Cs, which is in correspon-
dence with the theory. MgO shows a small negative corre-
lation with Cs too, which seems to be contradictory to
industrial experience, where the opposite is observed. The
reason is that MgO is more stable than MgS, so thermodyna-
mically the formation of MgO is favoured over MgS. In the
industrial HMD process, metallic Mg is injected, which easily
reacts with the dissolved sulphur (reaction 1). This Mg ends
as MgO in the slag via reaction 2. Therefore, industrial heats
with a high sulphur removal will have more MgO in the
slag. Finally, Na,O and MnO increase Cs, which is in corre-
spondence with literature [10,11].

Based on the same MCS data, a second RFM is made, to
illustrate the trends of the impact of the different slag com-
ponents and the temperature on Cs. Figure 4 shows the rela-
tive impact of all parameters on Cs, as well as if the increase or
decrease Cs.

For the largest slag fractions, CaO, SiO,, Al,O5 and MgO, the
RFM confirms the findings from the density plot (Figure 3). It
should be noted that CaO and SiO, have an almost equal,
but opposite, influence on Cs, which shows the importance
of B2. In the RFM, MgO shows an opposite influence on Cs
than could be concluded from the density plot. MgO
appears to increase Cs. The apparent increase is the result of
the normalisation of the slag composition. A high MgO con-
centration results in lower fractions of the other components,
which in majority (mainly SiO, and Al,Os) lower Cs. The actual
influence of MgO itself on Cs is negligible.

Discussion

The MCS illustrates the effect of the individual slag com-
ponents on Cs and X ;g at thermodynamic equilibrium. As
discussed in part | of this study [1], the components in the
HMD slag are not at equilibrium with each other and with
the hot metal, so thermodynamics alone will not predict
the sulphur removal capacity of the slag. It is important to
understand the thermodynamic influence of the individual
slag components on X;s and Cs, as it does affect the indus-
trial situation. For example, based on industrial observations,
MgO would be beneficial for the sulphur removal capacity,
since a heat in which more Mg is injected, more sulphur is
removed (via reaction 1) and more MgO is present in the

~
i

Parameter | Relative impact
Temperature
| CaO

Si10;

AlLOs

MgO

PJa:()

FeO

MnO

Ti0,

K,O

P05

VISP

—
=

S|4

(:rg()3

-~
=

Figure 4. Relative impact, corrected for the distribution, of the parameters of
the MCS on Cs, according to the random forest model. The right column shows
if Cs is increased (A) or decreased (¥) by increase in the parameter value.
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slag (via reaction 2). However, MgO itself does not contribute
to Cs. Therefore, adding MgO to the slag would not benefit
the sulphur removal capacity of that slag. The influence of
MgO is further discussed in § 2.4.

Plant data analysis
Introduction

To identify the influencing factors on iron losses at the HMD,
data analysis was done on 47,129 heats from the HMD stations
at Tata Steel in Jmuiden, the Netherlands. The iron loss per heat
is indirectly determined by a mass balance over the ladle weight
before and after the HMD process, taking into account the
injected reagents and removed sulphur, and using the oper-
ator's estimate of the BF carryover slag (typically 1500 kg). It
should be noted that this iron loss estimate is inaccurate for a
single heat, but for a large data set the trend is very reliable.

Plant data analysis is complicated, as, unlike with con-
trolled laboratory experiments or simulations, different par-
ameters have interdependences. In this study, the
presented correlations have been checked for interdepen-
dences with other parameters. Relevant interdependences
are mentioned in this section.

Temperature

Of all measured parameters at the HMD, temperature has the
largest influence on iron loss. This is mainly because a higher
temperature leads to a lower ny,4, which leads to lower iron
losses, as discussed in part | of this study [1]. Figure 5 shows
the iron loss for different hot metal temperatures, which are
assumed to be an accurate indicator of the slag temperatures.
Figure 5 shows that higher temperatures lead to lower iron
losses until, around 1430°C, the iron losses stabilise at roughly
1000 kg heat™. According to FactSage [2] calculations, the
slag is fully liquid around 1430°C, so a further increase in temp-
erature will not have a significant effect on g (albeit higher
temperatures decrease o, the effect on g4, is insignificant).

Slag weight

Since colloid losses are caused by iron droplets being
entrapped in the slag, a higher slag volume should lead to
more iron losses. This effect can be seen in the plant data
(see Figure 6).

In most cases a standard BF carryover slag weight of 1500 kg
is used to calculate the slag weight. Therefore, an increased slag
weight is the result of a higher reagent injection, which leads to
a more basic slag. In industry a common definition of basicity is
B2, which is Ca0/SiO, [1]. As slag basicity influences nqg, and
thus the iron losses, it is difficult to quantify, based on Figure
6, which part of the increased iron losses can be attributed to
the slag weight itself and which part is caused by an increased
Nsiag- However, when selecting the heats that have a higher
reported BF carryover slag, the iron losses are higher than for
heats with an average BF carryover slag of 1500 kg, so slag
weight has an influence on iron losses.

Slag composition

Based on the theory, explained in part | of this study [1], the
slag components that influence 1,y the most are Ca0, SiO,
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Figure 5. Iron loss (in kg) at different hot metal temperatures at the HMD stations of Tata Steel in IJmuiden, the Netherlands. Boxes stretch from the 25th till the
75th percentile of the distribution. The lines (whiskers) extend to 1.5 times the interquartile range. The trendline is polynomial. The circles represent individual

heats.

(together as B2), Al,O3 and MgO. The SiO, and Al,05 concen-
tration depend on the BF carryover slag composition only,
which is quite constant during stable BF operation. For this
study, an average BF carryover slag composition is used.
Therefore, the effect of Al,O3 and SiO, cannot be studied
on a heat basis. As the amount of injected CaO and Mg
(which ends up as MgO in the slag, see reaction 2) are
known, their effect on the iron losses can be analysed with
plant data (see Figure 7).

Figure 7 shows the iron concentration in skimmed off slag,
calculated by dividing total iron loss by total skimmed off slag
weight, at different B2 values. The influence of B2 can be ana-
lysed independent of the total slag weight. As is expected,
based on the thermodynamics [1], a higher B2, which
means more CaO, leads to higher iron losses. However,
below a B2 of 1.7 there seems to be no correlation between
basicity and iron losses. As explained in part |, B2 influences
Nsiag Mostly by influencing the solid fraction, as a higher B2
leads to a higher T,,.: under HMD conditions. Possibly, at
the typical HMD temperatures (mean hot metal temperature

in this data set is 1390°C) the slag has a liquid fraction >90 wt-
% at B2 < 1.7. This would mean that lowering the B2 would
hardly influence ny,4. The thermodynamic calculations in
part | indicate that a lower B2 is required to reach a liquid
slag, but in that calculation the influence of minor slag
elements, like FeO, or alkali metal oxides, which lower ngqg,
was neglected.

Figure 8 shows the correlation between MgO fraction in
the slag and iron losses. The plant data clearly show that
for MgO concentrations above 14 wt-%, the iron losses
increase. Although total slag weight increases with the
MgO concentration in the slag, the slag weight has only
little effect on the correlation between MgO concentration
and iron losses. It is in line with the theory, that a higher
MgO concentration in the slag leads to a higher solid fraction,
and thus to a higher ny,4 Which finally leads to higher iron
losses [1]. It should be noted that for MgO concentrations
below 14 wt-%, the iron losses do not further decrease,
although that would be expected based on the theory. As
at B2 < 1.7 nyqg is not affected significantly because the slag

10000 -1 25
- 20
7500
° - 15
=
o B m
8 5000 o
w <10
2500
-1 05
0 0.0
1900 2100 2300
slag weight (kg)

Figure 6. Iron loss (red solid line) and B2 (blue dashed line) at different slag weights at the HMD stations of Tata Steel in IJmuiden, the Netherlands. Boxes stretch
from the 25th till the 75th percentile of the distribution. The lines (whiskers) extend to 1.5 times the interquartile range. The circles represent individual heats.
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Figure 7. Iron concentration in skimmed off slag at different B2 values at the HMD stations of Tata Steel in IJmuiden, the Netherlands. Boxes stretch from the 25th
till the 75th percentile of the distribution. The lines (whiskers) extend to 1.5 times the interquartile range. The circles represent individual heats.

is already liquid, also MgO fractions below 14 wt-% probably
do not lead to lower iron losses anymore, as the slag is liquid
at MgO < 14 wt-% under the HMD conditions in the data set.

Silicon and titanium

TiO, is identified as a component that influences ngqg.
However, in an industrial blast furnace, TiO, is correlated
with SiO, in the slag, as are Ti and Si in the hot metal. This
means that industrial slags with a high SiO, concentration
will be high in TiO, as well [12]. Therefore, it is not possible
to identify an independent correlation between TiO, in the
slag and iron losses with this plant data analysis.

To understand the effect of silicon concentration in the
hot metal on iron losses, independent from B2, the corre-
lation between silicon in hot metal and iron losses is investi-
gated. Besides the correlation between silicon and titanium in
hot metal, there is a strong reverse correlation between
silicon and sulphur in the hot metal, which leads to a

correlation with the slag weight as higher sulphur removal
requires more reagents being injected. In general, a higher
oxygen activity, do, in the hot metal at the BF leads to less
silicon in the hot metal and more SiO, in the slag. SiO,
decreases the B2, so less desulphurisation takes place in the
BF, leading to more sulphur in the hot metal [12,13]. The
plant data confirm the correlation between silicon and
sulphur at silicon levels <0.5 wt-%. However, for silicon con-
centration >0.5 wt-%, the reversed correlation between
silicon in the metal and SiO; in the slag becomes weaker.
This is because high silicon concentrations (>0.5 wt-%) are
typically caused by more silicon in the BF in total (Si in hot
metal + SiO, in slag). Therefore, at silicon levels >0.5 wt-%,
the correlation between silicon in the hot metal and B2,
and thus between silicon and sulphur in the hot metal,
decreases.

Figure 9 shows the correlation between silicon in the hot
metal and the iron losses (solid red line). For [Si] <0.5 wt-%, an
increasing silicon fraction correlates with a decreasing
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sulphur concentration, thus with less reagents being injected,
which ultimately leads to lower iron losses. For [Si] > 0.5 wt-%,
this phenomenon no longer dictates the iron losses, as the
iron losses are now increasing with an increasing silicon con-
centration. It should be noted that the highest silicon concen-
trations (>0.8 wt-%) are often the result of starting up the BF,
when higher slag amounts, more sulphur and lower tempera-
tures occur. However, there is an increase in iron losses at 0.5-
0.7 wt-% [Si] as well, which cannot be explained by non-stan-
dard circumstances. The B2 of the slag (dashed blue line) does
not change significantly at higher silicon concentrations, so it
cannot explain the increasing iron losses. The increase cannot
be explained by a different mean temperature, as high silicon
concentrations correlate with higher hot metal temperatures
[12,13], so a decrease in iron losses would be expected. One
possible explanation is the titanium concentration, which cor-
relates strongly with the silicon concentration in hot metal. A
high titanium concentration in the hot metal will lead to a
high TiO, concentration in the slag and a high concentration
of Ti(C,N) particles, which leads to a sticky, viscous slag [4,14].
Because the slag composition is not directly measured and
the titanium and silicon in hot metal are too much correlated,
this hypothesis cannot be proven with the current plant data.
Another possible explanation is the ap, as a low g in the BF
hearth would lead to a higher silicon concentration in the hot
metal. At a low ay, it is expected that the FeO, concentration
in the slag will be low. FeO, has a large influence on 1,4, so a
slag with a low FeO, concentration will have a high 1,44 and,
thus, high iron losses. As FeO, and ap are not measured, this
hypothesis cannot be proven either with the current plant
data.

Discussion

Analysis of plant data identifies several factors that influence
the iron losses during the HMD process. This analysis confirms
the theory [1], that ., governs the iron losses, which is illus-
trated by the strong correlations of temperature, B2 and MgO
concentration with the iron losses. It should be noted that
both B2 and MgO increase when more CaO and Mg are

injected to desulphurise the hot metal. According to the
theory, iron losses are also influenced by TiO, and FeO, con-
centration in the slag, as both oxides influence nyq,g, but this
cannot be confirmed by the plant data analysis.

The total slag weight also plays a role, albeit minor com-
pared to MgO and B2. Figure 7 shows that the basicity of
the slag, and thus the ng4,, contributes more to the iron
losses than the slag weight, which is correlated with B2.

Although it was expected that less basic oxides in the slag
would lead to a lower melting point, thus lower iron losses,
there seems to be an optimal B2 and MgO concentration.
Lowering the B2 below 1.7 or lowering MgO below 14 wt-%
does not seem to significantly influence the iron losses. This
is explained by the slag temperature. If a certain B2 or MgO
concentration leads to a T, below the slag temperature, a
further decrease in T,,.; by changing the slag composition
will not influence the iron losses. Therefore, the optimal B2
and MgO concentration in the slag depends on the slag
temperature. It should be noted that for plants with an
average hot metal temperature below 1390°C, the optimal
B2 and MgO concentration will be lower.

Viscosity and melting range experiments
Introduction

To validate if optimal HMD slag, as described in this work,
actually has a low apparent viscosity (Nsqg), experiments
with a synthetic optimal HMD slag were done, where the vis-
cosity and melting temperature were measured. The syn-
thetic optimal HMD slags were prepared by mixing the
necessary chemical components and prefusing them in a
graphite crucible in a muffle furnace at 1600°C for 10 min.
The prefused slags were then quenched on a steel plate
and milled in a Tema mill for 30 s. The milled samples were
decarburised at 650°C for 16 hr to remove any residual
carbon that had been absorbed from the graphite crucible
during prefusing. The composition of the tested slags is
given in Table 3. The main difference between slag #1 and
#2 is the MgO:Al,0O5 ratio. Slag #2 is considered the optimal
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HMD slag, according to the theory, in terms of its main com-
ponents Ca0, SiO,, Al,Os; and MgO.

It should be noted that the CaS value is low compared to
industrial HMD slag, which typically contains around 13.5 wt-
% CaS. When the synthetic slags were prepared, 13.5 wt-% of
CaS was added to the slag. However, when the slag was
heated to 1600°C to homogenise the slag components, the
Cas reacted with oxygen to form CaO. The XRF analysis of
the slags was done prior to the viscosity and melting point
experiments.

For comparison, an industrial HMD slag sample and a syn-
thetic HMD slag sample, both from a previous study by the
authors [15], have been added to Table 3. Note that the indus-
trial HMD sample contains a high amount of Fe,O3, which is
mostly entrapped iron that oxidised during preparation for
XRF analysis. During the melting point and viscosity measure-
ments, part of the entrapped iron was already oxidised. The
FeO, concentration in the slag during the HMD process is in
the order of 1-3 wt-%. Slag 2.1 showed the closest resem-
blance to slag #1.

Melting point measurements

For the melting point measurements, a Misura HM2-1600
heating microscope was used. Samples were prepared
using a steel die to manually compress prefused powdered
slag into cylinders of 3 mm in height and 2 mm in diameter.
The samples were then placed onto an alumina plate and
inserted into the horizontal tube furnace of the heating
microscope. The samples were heated to 1100°C at 50°
Cmin~" under inert conditions, after which they were
heated to the melting point at 6°C min~". The device is able
to acquire and store images of the sample at 2°C intervals
during the heating cycle. During the heating cycle, all the
dimensional parameters of the sample were measured auto-
matically in order to identify phase transitions of the material.
The DIN 51730 standard was used to calculate T,,.; of the
sample.

To put the measured T,,,.; of slag #1 and #2 into perspec-
tive, the T Of an industrial HMD slag sample and of a syn-
thetic HMD slag sample (master slag 2.1) from a previous
study [15], are added for comparison. All four samples were
analysed with the same equipment and procedure (Table 4).

As expected, based on the theory, the slag with the
highest MgO concentration (slag #1) has the highest T, It
is observed that slag 2.1, with a similar MgO and Al,0O5 con-
centration as slag #1, has a lower T, than slag #1. This is
because slag 2.1 contains less CaS (which increases T,e)
and also contains 0.10 wt-% B,0s, which lowers T,,.;. The
much lower T of the industrial HMD slag sample is
caused by the high FeO, concentration. According to litera-
ture, an increase from 0 wt-% to 20 wt-% of FeO, in typical
BF carryover slag can lower T, by 150°C [12].

The melting point measurements show that slag #2, which
has an optimal Ca0O-SiO,-Al,05-MgO distribution for HMD
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slag according to the theory from part I, has a lower T,
than a synthetic HMD slag. However, when comparing slag
#2 with (synthetic) slags with an added slag modifier (contain-
ing fluorides or alkali oxides), a lower T, can be achieved.
Under industrial conditions, the T, of a slag with the
same relative CaO, SiO,, Al,0; and MgO concentration as
slag #2 will be lower than 1416°C, as a result of FeO, and
other minor oxides. This is illustrated by the comparison of
the industrial HMD slag and synthetic slag 2.1.

It should be noted that industrial HMD slag does not have
a specific T but rather a melting temperature trajectory.
However, for understanding of the correlations between
temperature, slag composition, viscosity and iron losses, a
single Te is sufficient.

Apparent viscosity

A Bahr VIS-403 HF rotational viscometer was used to measure
the viscosity of the synthetic slags continuously under inert
conditions. This machine measures the torque applied to a
constant speed rotating bob submerged in a known
volume of slag. The viscosity is calculated by the ratio of
shear stress (7, in Pa) to shear rate (, in s™"). For a Newtonian
fluid contained within two concentric cylinders (Taylor-
Couette flow), the shear rate is set according to Equation
(7) and the resulting shear stress is measured by Equation (8):

. 2R?
Y= s Rg —CRf (7)
Tor
= 8
"7 27 R2-h ®)

where w; is the rotational speed of the spindle (rad s™'), R,
and R; are the radius of the crucible and the spindle respect-
ively (m), Tor is the measured torque (N-m) and h; is the
height of the spindle head (m).

Torque measurements were calibrated at room tempera-
ture using three certified silicon oils between 0.1 and
1.0 Pa's. Regression analysis was used to determine the cali-
bration curve. The calibration was specific to the rotation
speed selected for the tests. A temperature calibration was
determined by measuring the sample temperature at
various steps up to 1600°C. The sample temperatures were
measured with an R-type thermocouple fed into the crucible
inside the viscometer furnace. Regression analysis was
applied to the slag temperature measurements in conjunc-
tion with the furnace temperature measurements to deter-
mine the calibration curve.

For every test, 24 g of prefused powdered slag was put
into the crucible and inserted into the rotational viscometer.
The oxygen level in the furnace chamber was lowered with an
argon purge at 200 ml min™', to protect the molybdenum
crucible and spindle from oxidation. The sample was
heated to 1600°C whereby the rotating spindle was sub-
merged into the liquid sample. A constant rotation speed of

Table 3. X-ray fluorescence (XRF) analysis of synthetic slags #1 and #2 for viscosity and melting range measurements. For comparison, composition of an industrial
HMD slag (HMD) and of another synthetic slag, both form a previous study [15], are added. Compositions are in wt-%.

Cao SlOZ A|203 MgO Nazo Cas F9203 PzOS T|02 Cl'203
Slag #1 38.83 29.98 10.66 15.80 0.27 4.06 0.24 0.05 0.05 0.05
Slag #2 40.47 29.54 15.27 10.55 0.73 3.10 0.18 0.07 0.05 0.04
HMD 34.24 17.30 6.33 10.06 0.21 4.51 24.26 0.12 0.84 -
Slag 2.1 43.63 26.79 9.81 14.80 0.19 2.83 0.32 - - -
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Table 4. Measured T, for Slag #1 and #2, compared with an industrial and
synthetic HMD slag.

Sample Tmeit (°C)
Slag #1 1438
Slag #2 1416
Industrial HMD slag [15] 1334
Synthetic HMD slag 2.1 [15] 1424

280 rev min~" was used for the test. The sample was cooled at
10°C min~" until the sample reached a maximum torque of 25
mNm.

Figure 10 shows that both slags have a low ng,g (<1 Pa-s)
at temperatures >1390°C. At these temperatures, MgO and
AlL,O; have an effect on ng,g: a lower MgO concentration
leads to a lower nyqg. However, at ng,, < 1 Pa-s, its effect on
iron losses in industry will be negligible. At some point
below 1390°C, there is a marked increase in the viscosity of
both slags. This is due to the growth of solid particles
causing a dramatic resistance to liquid flow. Below 1390°C,
Nsiag 1s higher for slag #2 (with less MgO) than for slag #1,
while based on theory it was expected that MgO leads to a
higher solid fraction. Furthermore, the viscosity measurement
suggests that slag #1 has a lower solidification temperature
than slag #2, while the melting temperature experiments
show that slag #2 has the lowest T,,¢;. A possible explanation
for this is that when the slag is cooled down from 1600°C
during the experiment, the cooling goes faster than in indus-
trial practice, producing a super-cooled liquid, so the slag is
not at equilibrium, which leads to the formation of
MgAl,O4-rich spinel, melilite, CaS, Ca-Mg-orthosilicate (Cas.
MgSi,Og) compound formation at low temperature which
increases 4. Due to the cooling rate of 10°C min~' and
the composition of slag #1, it is possible that more super-
cooled liquids were present [16].

To validate if the quick cooling of the slag during the
experiment caused the higher viscosity, the viscosity of slag
#1 and #2 at the temperature range of 1370-1600°C are mod-
elled with FactSage 7.3 [2]. Here ngqq4 is determined via the
Einstein-Roscoe equation (Equation (5)). Figure 11 shows
the experimental ng,, versus the thermodynamic ngqg
under the same conditions.

The comparison shows that at nqg < 0.7 Pa-s, the exper-
iments give a greater 44 than the equilibrium calculations.
When comparing slag #1 and #2, at n,4 > 2 Pa-s, experiments
give a lower ny,, for slag #1, while the experiments almost
always predict a higher ., than the equilibrium calculations
for slag #2. The equilibrium calculations in FactSage show the
formation of the nyqg-increasing solids.
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Figure 10. Viscosity measurements for slag #1 and #2 at different
temperatures.

Under industrial HMD conditions, the temperature of the
slag changes very slowly (typically the temperature decreases
with 0.5°C min~"). Therefore, it is likely that the slag con-
ditions are closer to the equilibrium situation than to the
fast cooling experimental conditions. This means that the
experiments overestimate ny,, at temperatures below
1390°C for slag #2 when compared to the industrial HMD
process. Note that, despite the small changes in temperature,
the industrial HMD slag is constantly changing composition
during the process, so it is not necessarily at equilibrium.

Discussion
Validation

In part | of this study [1], claims were made about the compo-
sition of the optimal HMD slag, regarding sulphur removal
capacity and iron losses, based on a theoretical study. In
the current part ll, these claims are put to the test with a ther-
modynamic MCS study, industrial plant data analysis and lab-
oratory experiments with synthetic HMD slag.

The sulphur removal capacity, in the thermodynamic MCS
study represented with the Cs, indeed depends on the CaO
concentration of the slag. It is noteworthy that, although
the injected Mg mostly determines the desulphurisation,
the final form of Mg, MgO, does not contribute to the Cs of
the slag. The claim that the B2 > 1.1 is required for the HMD
process could not be validated with the plant data, as no
heats were found were B2 < 1.3. The penalty for having a
too low sulphur removal capacity is much higher than the
penalty for increased iron losses as a result of a higher B2.
So, since iron losses are more or less constant for B2 < 1.7, it
is not strange that no heats were found with a too low B2;
the steel plant will always try to be on the safe side.

With respect to the iron losses, the trends predicted by the
theory regarding the influence of the different components in
the slag on the iron losses, are confirmed by the thermodyn-
amic MCS study, the plant data and the laboratory exper-
iments. However, the importance of this influence seems to
be different. Based on the theory and the thermodynamics,
the MgO concentration of the slag should be as low as poss-
ible and preferably MgO < 10 wt-%. However, the plant data
show no significant influence of MgO on the iron losses for
MgO < 14 wt-%. The reason for this is the slag’s temperature.
As MgO lowers T, of the slag, it will only significantly
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Figure 11. Measured viscosity versus equilibrium viscosity at the same temp-
erature (range: 1370-1600°C), according to FactSage for slag #1 and #2 on a
logarithmic scale.



influence the iron losses if it brings T, below the tempera-
ture of the slag. This is confirmed by the melting point and
viscosity experiments, where MgO hardly influences ngqq
above T,,e. This means that it depends on the slag and hot
metal temperatures at a specific HMD station which MgO
concentration in the slag is still acceptable. It should be
noted that the temperatures at the HMD stations of Tata
Steel IJmuiden are relatively high compared to most other
steel plants. Therefore, in most other plants the maximum
allowed MgO will be lower than 14 wt-%.

The influence of CaO on the iron losses is comparable to
that of the influence of MgO, as CaO also increases ngqg,
and thus the iron losses, mostly by increasing T,e;. Plant
data show that higher CaO concentrations (or B2 values)
are more acceptable than expected based on the theory
and thermodynamics. In practice, for B2 > 1.1 iron losses do
not immediately increase. Only when the B2 reaches a
certain threshold, 1.7 for the given plant conditions, a
further increase in B2 will lead to higher iron losses. As with
MgO, the maximum allowed B2 depends particularly on the
slag temperature. Higher slag temperatures mean higher B2
values can be reached without increasing the iron losses.

In this part of the study, there is less focus on the influence
of the other slag elements on the iron losses. The thermodyn-
amic MCS study gives comparable results as the theory.
According to the MCS, Na,0 and K,O have a relatively large
impact on T, despite their low concentrations. This
explains why these alkali metal oxides are suited as slag
modifiers, as they lower ng [15].

The melting range experiments showed that FeO, signifi-
cantly lowers T, This confirmed the FactSage calculations
about the addition of FeO to the slag from part I. In the
MCS the influence of FeO on X,y was small, because the
MCS was done under inert conditions, with a wide range of
temperatures, which meant the influence of FeO on T,
had only a small effect on X;,;,. However, under industrial
conditions, FeO, will lower X, and, thus, the iron losses.

Industrial implications

Based on the theory, explained in part | of this study, and
plant trials at the former Tata Steel plant in Scunthorpe, UK,
around 2010 [6], the minimal B2 of the slag for sufficient
sulphur removal is 1.1. Besides, enough magnesium should
be injected to remove the sulphur. Stoichiometrically a Mg:
S weight ratio of 0.76:1 is sufficient, but due to Mg dissolution
in hot metal and kinetic constraints, a minimal Mg:S weight
ratio of 1:1 is required. However, in most steel plants typically
more Mg and CaO are injected than necessary, to be on the
safe side, as the penalty for not achieving the final sulphur
aim is supposed to be higher than the costs of extra reagents.
The resulting increased iron losses are usually not monitored
accurately, so their costs are often overlooked. Therefore, in
general HMD slags typically have higher CaO and MgO con-
centrations than necessary, which increases the slag’s Tper.
Although the slag’s viscosity, its solid fraction and the size
and shape of solids all influence the colloidal iron losses
during the HMD process, in practice the solid fraction, which
heavily influences nyq, determines these colloidal iron
losses. This means that, in order to keep the iron losses as
low as possible, the slag should have a low T, Under indus-
trial HMD conditions this means CaO and MgO concentrations
should be kept as low as possible. Steel plants where the hot
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metal (and slag) temperatures are typically high will have
more freedom to inject extra CaO and Mg than steel plants
where the hot metal temperatures are typically lower, as
high slag temperatures allow for a higher T, This also
means that if a change in the BF process or the hot metal trans-
port time lead to lower temperatures, adjustments in the HMD
process might be required to avoid an increase in iron losses.

At the HMD, the temperature of the slag is difficult to
increase. In general, steel plants already try to keep the temp-
erature of the hot metal (and slag) as high as possible.
However, other adjustments, to lower the iron losses are
more practical:

o At the BF, the MgO concentration in the carryover slag can
be decreased, to lower T,,.;. Decreasing the total amount
of carryover slag would be beneficial as well, but this is in
practice harder to achieve.

e During the HMD process, the amount of injected CaO and
Mg can be lowered, if the desulphurisation requirements
allow. This decreases T, and also slightly lowers the
total slag amount.

 Slag modifiers, which lower T and/or ngqg, like NaO
and K50, can be added.

¢ Increase the time between reagent injection and slag skim-
ming, to give entrapped iron more time to drip back into
the metal bath. However, this increases the process time,
which could lead to a lower productivity if the HMD is
the bottleneck in the steel plant.

Conclusions

The validation of the fundamentals of the optimal HMD slag,
considering sulphur removal capacity and iron losses, using a
thermodynamic MCS, a plant data analysis and viscosity and
melting point measurements in a laboratory, confirmed the
initial conclusions. However, some additional remarks can
be made based on this study:

¢ To achieve the desired sulphur removal capacity, the slag
should contain at least enough CaO to allow all MgS to
react with CaO to form CaS. Besides, a minimal Ca0:SiO,
weight ratio (B2) in the slag of 1.1 is required.

¢ A lower CaO and MgO concentration in the slag does lead
to a lower 1 and thus to lower iron losses, but as soon as
Tmeir Of the slag is lower than the slag temperature, the
optimal CaO and MgO concentration is reached. A
further decrease in CaO would be even unwanted as it
would lower the sulphur removal capacity of the slag.

¢ The slag weight contributes much less to the iron losses
than ngjag.

List of symbols and abbreviations

Symbols

dao Oxygen activity (-)

B2 Basicity CaO/SiO; (-)

Cs Sulphide capacity (-)

hy Height of x (m)

n Constant (Equation (4); typically 2.5) (-)
Dx Partial pressure of x (Pa)
R, Radius of x (m)

T Temperature (°C)

Timelt Melting temperature (°C)
Tor Measured torque (N-m)
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Xs)
Xx

a

v

No
nslag
T

¢s,slag
Wx

Sulphide weight percentage in the slag (wt-%)
Weight fraction of x (component or phase) (wt-%)
Maximum solid fraction (Equation (4)) (-)

Shear rate (s7')

Viscosity of the liquid fraction of the slag (Pa-s)
Apparent viscosity of the slag (Pas)

Ratio of shear stress (Pa)

Solid volume fraction of the slag (-)

Rotational speed of x (rad s™")
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