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slag-steel reactions. The expected nitrogen distribution coefficient between slag and steel is
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hird-generation advanced high-

strength steel (AHSS) (Fe-Mn-
Al-Si-C-based) for automobile man-
ufacturing must meet high standards
of both strength and ductility (> 1
GPa yield strength plus ~30% elon-
gation).! To obtain such excellent
mechanical properties, impurity
removal by ladle treatment is needed.
Table 1 shows typical reductions of
the main impurities (S, O and N)
after ladle treatment.”

Dissolved oxygen and sulfur are
readily removed during ladle treat-
ment — by adding deoxidizers, and
treatment with a basic slag. However,
little removal of dissolved nitrogen is
possible, because of the high solubil-
ity of nitrogen in these manganese-
rich steels and unfavorable kinetics.?

Slag-based nitrogen removal
is the primary focus of this work
instead. Nitrogen absorption by the
slag 1s feasible because of the highly

Typical Values of Impurity Levels in
Liquid Steel After Ladle Refining?

reducing conditions that result from
the relatively high concentration
of dissolved aluminum (around 1%
by mass, much higher than in low-
carbon  aluminum-killed steel).
Nitrogen removal involves reduction
of dissolved nitrogen to nitride ions
(N*), which dissolve in the slag.
Laboratory experiments (not pre-
sented here) have demonstrated
that slag-based nitrogen removal is
possible. Here, the nitrogen remov-
ability with ladle slag (Al,O4-CaO-
MgO-8iO, system, SiO, <5%, CaO
40-60%, MgO 0-10%) 1s evalu-
ated with FactSage calculations.
FactSage* was used to predict the
equilibrium nitrogen solubility in
ladle slag and to perform kinetic
simulations of slag-steel reactions.

Simulation Conditions

FactSage Calculations: Single-Point
Equilibrium  —  The equilibrium
nitrogen solubility in slag can be
expressed with the nitrogen distribu-
tion coefficient (Ly) and the nitride
capacity (Cy3.):°

Cys3- = (N% by mass in slag) x

@02)0‘75 / (pNQ)Oﬁ (for pressures in
atm)

Ly = (N % by mass in slag)/
[N % by mass in steel]



Calculated Steel-Slag Equilibrium at 1,600°C, for Slag Double Saturated With Lime and Periclase

Initial Steel Composition for Steel-Slag Reactions (mass
percentages)

A wm N0 s s

For equilibrium calculations, the FactSage solution
phases were FTmisc_FeLLQ) for liquid steel (suppress-
ing the Ca*O associate), 'TOxCN-Slag for liquid slag,
FloxidMeO_A for lime (CaO-based solid solution)
and periclase (MgO-based solid solution), and FactPS
for the gas phase. As an example, Table 2 shows the
calculated equilibrium of steel with slag that is dou-
bly saturated with lime and periclase, at 1,600°C.
The calculated nitrogen distribution coefficient is
large — thanks to the low oxygen activity — despite
the relatively small nitride capacity. With a distribu-
tion coefficient of 76, and a typical slag-to-steel mass
ratio of 0.01 for ladle refining, the fraction of the total
nitrogen that would be removed to the slag is given by
1 — 1)1+ LNW/;lag/W;teel) = 043 (where W, and W,

lag teel

Table 4

Ladle Parameters for FactSage Simulations

are the steel and slag masses). That is, more than 40%
of the nitrogen could be removed by slag-steel reac-
tion during ladle refining. Lower temperatures would
improve the equilibrium nitrogen removal somewhat.
For example, at 1,550°C the equilibrium nitrogen dis-
tribution coefficient for these conditions is predicted
to be 98.

Table 2 also indicates the very low equilibrium SiO,
concentration in the slag: Alin the steel tends to reduce

Si0, from the slag.

Kinetic Simulation: FactSage Macro Calculations — The
kinetics of slag-based nitrogen removal from liquid
steel was modeled using FactSage macro calculations.
The assumption is that the reaction rate is limited by
mass transfer in the steel and slag, with local equilib-
rium reached at the steel-slag interface.®

Both laboratory (crucible) and industrial (ladle) con-
ditions were simulated. The main differences were the
much larger slag: steel mass ratio for laboratory experi-
ments (to ensure that the steel is covered by slag), and
the smaller mass transfer coefficient under laboratory
conditions (though giving a similar time constant for
steel-slag reactions), because of the much smaller depth
of steel (inner diameter = 56 mm, with the depth of
steel ~3 cm in the laboratory crucible).

The initial steel composition was as shown in Table 3.
The ladle parameters for the simulation were as listed
in Table 4. The solution models and assumed mass

Table 5

Solution Models and Parameters Used for FactSage Macro
Simulations
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Table 6

Initial Slag Compositions for Crucible and Ladle Simulations
%MgO
6.5
5.6
6.0

%Si

Figure 1

%Si0,

transfer coefficients are given in Table 5. To avoid
unrealistic Ca transfer to the steel, the Ca*O associate
in the steel was suppressed.

0.0 Three different initial slag compositions were chosen

4.0
5.0

Laboratory melt

— - — 0% SiO,
4% Si0,
- - - - 5%Si0,

_____

T
3600 7200
Time (s)

(a)

N e — — - —

— - — 0%Si0,
4% Si0,
\ - ---5%Si0,

1.00

T T
3600 7200
Time (s)

0.80

0.60 +

0.40

__________

‘ — - — 0% S0,
1 4% Si0,
- - - - 5%Si0,

0

T
3600 7200
Time (s)

(c)

Industrial ladle

0.02

=z
0.01
BN

— - — 0% SiO,
4% Si0,
- - - - 5%Si0,

0

T T
3600 7200
Time (s)

(d)

1.00

0.75

0.50

%Al

0.25

— - — 0% Si0,
4% SiO,
- - - - 5%Si0,

0

T T
3600 7200
Time (s)

(e)

1.00

0.80 -

%Si

0.60 -

— - — 0% SiO,
4% Sio,
----5%Si0,

0.40

T
3600 7200
Time (s)

(f)

Calculated change in the concentrations of nitrogen, aluminum and silicon
in steel during steel-slag reaction for a laboratory melt (a-c) and in an
industrial ladle (d-f).

for simulation, as listed in Table 6. Due to the possible
emulsification of steel liquid droplet into slag in cruci-
bles, a factor called dynamic interfacial factor, defined

as the ratio (A/A,), is employed. In this
ratio, A = the actual slag-steel interfacial
area due to emulsification during the ladle
refinement, A, = geometrical cross-section
area of the crucible/ladle for the simula-
tion. This starts from the time-averaged
value of A/A, given by Spooner et al. (A/
A, ~5).]

Results and Discussion

The simulated time dependence of the
steel composition for both laboratory and
industrial melts is shown in Fig. 1. Because
of the much larger relative slag volume for
the laboratory melt, the change in steel
composition is much larger (Fig. la—Ic)
than for the industrial melt (Fig. 1d-I1f).
The large decrease in aluminum concen-
tration, and the associated silicon pickup
reflect the low equilibrium concentration
of Si0, in the slag (Table 2): The Al-Al,O,
reaction controls the (low) oxygen activ-
ity for this steel-slag system; dissolved
aluminum would reduce SiO, from the
slag, causing silicon pickup by the steel.
Reduction of silica by a high concentra-
tion of aluminum is known to promote
emulsification of the slag.!” Such emulsifi-
cation would increase the steel-slag inter-
facial area, further enhancing the rate of
steel-slag reactions — including nitrogen
removal.

Reduction of MgO from the slag is
also predicted to occur, increasing the
concentration of dissolved magnesium in
the steel (Table 2). The relatively high
concentration of dissolved magnesium
would increase the rate of transforma-
tion of alumina inclusions to spinels and
periclase (MgO). This transformation has
been observed experimentally for AHSS
in contact with ladle slag.!!



In line with the equilibrium calculations, approxi-
mately 40% of the dissolved nitrogen is predicted to be
removed during ladle processing within approximately
one hour. Faster nitrogen removal would be obtained
with stronger stirring, for example in a vacuum tank
degasser, or a higher argon flowrate, or both of these.

The extent of nitrogen removal under laboratory
conditions is predicted to be much larger (in line with
experimental results obtained to date). Some reversion
of nitrogen is predicted to occur if the slag initially
contains silica. The reversion occurs because of con-
sumption of aluminum by the silica reduction reaction,
causing conditions to be somewhat less reducing, and
decreasing the driving force for nitrogen removal to
the slag.

Conclusions

The following conclusions could be drawn from the
work described in this project:

1. The Al-Al,O4 reaction controls the oxygen
activity for liquid AHSS in contact with ladle
slag.

2. Reduction of SiO, and MgO from the slag
(increasing the concentrations of dissolved Si
and Mg) is predicted to occur by steel-slag reac-
tion during ladle processing.

3. For the conditions assumed here (steel contain-
ing approximately 0.7% dissolved Al, in contact
with ladle slag saturated with both lime and
periclase, at 1,600°C), more than 40% nitrogen
removal from liquid steel is predicted to be pos-
sible, even with a relatively small slag volume of
10 kg slag per metric ton steel.

4. The equilibrium nitrogen concentration in the
steel 1s predicted to be slightly lower at a lower
ladle refining temperature.
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