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ABSTRACT
In this work, a time-dependent thermodynamic AOD process model, TimeAOD3™, is proposed to be
used as a prediction model at practice to reach the desired nitrogen level to lower the cost and
carbon footprint. The model is developed from an existing model and integrated with Thermo-
Calc®. The modelling results suggest a fairly good prediction when compared with production-
scale heats. The relative error of dissolved nitrogen content during and after decarburisation is
−0.05 < RE < 1.36 and −0.23 < RE < 0.29, respectively. Besides, most modelled dissolved N% are
higher than the measurement during decarburisation. This is probably owing to the formation of
high turbulence flow and CO gas bubble which can flush the dissolved nitrogen out of the bath at
practice. Moreover, dissolved C%, Cr% in bath and Cr2O3%, CaO%, MgO% in slag, as well as bath
temperature are also compared and studied.
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Introduction

The Argon Oxygen Decarburisation (AOD) steelmaking
process is one of the main processes in stainless steelmaking.
Liquid metal that contains mainly iron, carbon, chromium and
nickel from an Electric Arc Furnace (EAF) is refined in the AOD
converter at temperatures between 1500°C and 1750°C. The
AOD process normally consists of the following three
stages: decarburisation, reduction and desulphurisation.

At the decarburisation stage, a mixture of oxygen gas and
argon or nitrogen gas is blown into the melt to lower the
carbon content in the melt. Similar to the oxidation of
carbon, the other dissolved elements such as Si, Mn and Cr
are also partly oxidised during the decarburisation stage.
The chromium oxidation rate is lowered by decreasing the
partial pressure of CO through controlling the oxygen to
argon or nitrogen gas ratio. Once the carbon content in the
melt reaches the target value, the decarburisation stage is
completed.

During the reduction stage of the AOD process, reduction
agent such as FeSi or aluminium is added to recover chro-
mium from the slag. In order to protect the refractory
lining, lime is added to maintain a slag basicity (CaO
%/SiO2%) of 1.5–1.7 [1]. If silicon is used as the reduction
agent, fluorspar is usually added to lower the slag’s viscosity
to favour the kinetics of the reduction reaction. After removal
of the reduced slag, more lime is added to facilitate a desul-
phurisation of the melt.

Other than being used as a dilution gas, nitrogen is also an
important alloying element in stainless steel; which improves
its corrosion resistance against, for instance, pitting corrosion.
The content of nitrogen, together with chromium and

molybdenum, can be used to calculate the Pitting Resistance
Equivalent Number (PREN) which is an indicator of the pitting
corrosion resistance of the stainless steel [2]. As a nickel sub-
stitute, the increased nitrogen content may lower the nickel
material cost and lower the carbon footprint of stainless
steel production. On the other hand, a nitrogen content
above a specification can lead to an extra argon gas
blowing to flush excess nitrogen which results in an increased
production cost. Thus, it is of importance to have access to a
reliable prediction model to perform an optimum operation
practice to reach the desired nitrogen level.

There are several proposed AOD process models that
attempt to optimise the process. The AOD process modelling
can be basically divided into two categories: physical and
mathematical modelling. The mathematical modelling can
then be further divided into thermodynamic and mixed
models (kinetic+thermodynamic). The published models
found in the literature are summarised and compared in
Table 1 [1,3–23]. Also, the models are investigated through
different parameters to have a better understanding of the
process improvements. Overall, all these models, to some
degree, are based on simplifications when describing AOD
process. First, most models use thermodynamic data
(Table 1-column ‘Thermo.’) from published literature, which
often considers the interaction parameters in a dilute sol-
ution. Second, the models focus mostly on the decarburisa-
tion stage rather than the reduction and desulphurisation
stages (Table 1-column ‘Stage’). Thirdly, the most studied
system is Fe–C–O–Cr, which sometimes involve Si, Mn and
Ni. However, only a few studies have investigated the dis-
solved nitrogen content (Table 1-column ‘System’). Lastly,
some models may assume that the system has a single slag

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.
0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any
way.

CONTACT Wenjing Wei wenjingw@kth.se Department of Materials Science and Engineering, KTH, Royal Institute of Technology, 100 44 Stockholm,
Sweden; Kobolde & Partners AB, Ringvägen 100, 118 60 Stockholm, Sweden

IRONMAKING & STEELMAKING
https://doi.org/10.1080/03019233.2021.1966266

http://crossmark.crossref.org/dialog/?doi=10.1080/03019233.2021.1966266&domain=pdf&date_stamp=2021-08-18
http://orcid.org/0000-0002-4990-3580
http://orcid.org/0000-0002-8802-4036
http://orcid.org/0000-0003-1360-5765
http://orcid.org/0000-0003-1919-9964
http://orcid.org/0000-0001-9775-0382
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wenjingw@kth.se
http://www.tandfonline.com


Ta
bl

e
1.

Su
m

m
ar

y
of

AO
D

m
od

el
fr

om
pr

ev
io

us
in

ve
st

ig
at

io
ns

.

Re
fe

re
nc

e
M

od
el

1
Th

er
m

o.
2

St
ag

e3
Sy

st
em

4
Sl

ag
5

Ad
di

tio
n

Ve
ri�

.6
St

ud
y

Fo
cu

s7

As
ai

an
d

Sz
ek

el
y

[3
],

Sz
ek

el
y

an
d

As
ai

[4
]

M
Li

t.
D

(B
S)

S
N

o
40

t
M

A
(C

/C
r)

,P
S

(G
FR

),
PC

O
O

hn
o

an
d

N
is

hi
da

[5
]

M
–

D
(B

S)
–

N
o

2t
M

A(
C/

Cr
),

CR
E,

D
R,

O
D

,
P C

O

P C
O,

e,P
S

(G
R/

BL
)

D
eb

ro
y

an
d

Ro
be

rt
so

n[
6]

an
d

D
eb

ro
y

et
al

.[
7]

M
Li

t.
D

(B
S)

,S
i,

M
n,

N
i

S
N

o
45

M
A

(C
,C

r,
Si

,M
n)

,T
,P

CO
,D

R
CO

S,
O

C,
PS

(M
TR

,T
P,

G
R)

Sj
öb

er
g

[1
]

M
Li

t.
D

+
R

+
S

(B
S)

,M
n,

M
o,

N
i,

Si
,N

S
Ye

s
58

t
M

A,
D

R,
CR

E,
PS

(G
FR

,C
st

ar
t,

T s
ta

rt
,H

L)
G

ör
ne

ru
p

an
d

Sj
öb

er
g

[8
]

T
Li

t.
R

+
S

(B
S)

,S
i,

M
n,

S,
N

i,
M

o
S

Ye
s

75
SD

,S
B;

PS
(S

A,
CS

A)
W

ei
an

d
Zh

u
[9

,1
0]

M
Li

t.
D

+
R

(B
S)

,S
i,

M
n

L
Ye

s
18

t
M

A
(C

/M
n/

Si
/C

r)
,T

,O
D

,G
FR

,D
R

Ri
ip

ie
t

al
.[

11
]

M
Fa

ct
Sa

ge
D

+
R

+
S

(B
S)

,S
i,

M
n,

N
i,

S,
N

–
Ye

s
15

0t
M

A
(N

%
)

Te
rn

st
ed

t
et

al
.[

12
]

P
–

–
–

–
–

–
M

T,
PS

(G
FR

,B
D

)
Jä

rv
in

en
et

al
.[

13
],

Pi
si

lä
et

al
.[

14
]

M
H

SC
+

Li
t.

D
(B

S)
,S

i,
M

n,
N

i,
N

L
Ye

s
15

0t
+

90
t

M
A

(C
/

Cr
),

T,
D

R,
PS

(B
S/

SV
/G

H
V)

Te
rn

st
ed

t
et

al
.[

15
]

T
TC

+
Li

t.
D

+
R

+
S

(B
S)

,S
i,

M
n,

N
i

S
+

L
Ye

s
PS

(T
st

ar
t/

Si
%

/C
SA

)
An

de
rs

so
n

et
al

.[
16

]
M

(C
)

TC
D

(B
S)

,N
i,

S
+

L
N

o
(N

.S
)

M
A(

C/
O

),
CR

E,
CO

(C
O

+
CO

2
),P

S(
T s

ta
rt
)

Sw
in

bo
ur

ne
et

al
.[

17
]

T
H

SC
D

+
R

(B
S)

,M
n,

Si
,N

i,
S

+
L

Ye
s

–
M

A
(C

/S
i/M

n)
,S

A
(C

rx
O

y)
,C

RE

An
de

rs
so

n
et

al
.[

18
]

M
(C

)
TC

D
(B

S)
,N

i
S

+
L

N
o

(N
.S

)
M

A(
C/

O
),

CR
E,

CO
(C

O
+

CO
2
),P

S(
SS

A/
CO

S)

Vi
su

ri
et

al
.[

19
,2

0]
M

H
SC

R
(B

S)
,S

i,
M

n,
Si

,N
i,

N
L

Ye
s

15
0t

M
A(

Cr
/M

n/
Si

/C
/N

i),
SA

,T
,O

D
,R

R,
PS

(T
st

ar
t)V

,D
S

Ti
lli

an
de

r
et

al
.[

21
]

M
(C

)
–

D
(B

S)
,S

i,
M

n,
N

i,
S

L
N

o
95

t
SF

,B
S,

G
H

V,
G

R,
V

Pa
tr

a
et

al
.[

22
]

M
Li

t.
D

+
R

+
S

(B
S)

,S
i,

M
n,

N
i

S
Ye

s
50

t
M

A(
C/

Cr
/N

)
Sa

m
ue

ls
so

n
et

al
.[

23
]

P
Li

t.
D

–
–

–
–

M
T,

PS
(D

C/
N

O
T)

a T:
th

er
m

od
yn

am
ic

m
od

el
;M

:m
ix

ed
m

od
el

,(
th

er
m

od
yn

am
ic

+
ki

ne
tic

);
C:

co
m

pu
ta

tio
na

l�
ui

d
dy

na
m

ic
m

od
el

;P
:P

hy
si

ca
lm

od
el

b
Th

er
m

o.
:t

he
rm

od
yn

am
ic

da
ta

;L
it.

:l
ite

ra
tu

re
;T

C:
Th

er
m

o-
Ca

lc
so

ft
w

ar
e;

H
SC

:H
SC

Ch
em

is
tr

y
so

ft
w

ar
e;

Fa
ct

Sa
ge

:F
ac

tS
ag

e
so

ft
w

ar
e

c D
:D

ec
ar

bu
ris

at
io

n;
R:

re
du

ct
io

n;
S:

de
su

lp
hu

ris
at

io
n

d
(B

S)
:b

as
ic

Fe
+

C
+

O
+

Cr
.

e S:
so

lid
sl

ag
,L

:l
iq

ui
d

sl
ag

f Ve
ri�

.:
ve

ri�
ca

tio
n;

N
.S

.:
no

t
sp

ec
i�

ed
.

g
BD

:b
at

h
di

am
et

er
;B

L:
bu

bb
le

lo
ca

tio
n;

BS
:b

ub
bl

e
si

ze
;C

st
ar

t:
in

iti
al

ca
rb

on
co

nc
en

tr
at

io
n;

O
S:

ch
ro

m
iu

m
ox

id
e

se
pa

ra
tio

n;
CR

E:
ca

rb
on

re
m

ov
al

e�
ci

en
cy

;C
SA

:c
ar

ry
-o

ve
rs

la
g

am
ou

nt
;D

C:
de

si
gn

co
n�

gu
ra

tio
ns

;D
R:

de
ca

rb
ur

is
at

io
n

ra
te

;G
FR

:
ga

s
�o

w
ra

te
;G

H
V:

ga
s

ho
ld

up
va

lu
e;

G
R:

ga
s

ra
tio

;H
L:

he
at

lo
ss

;M
A:

m
el

ta
na

ly
si

s;
M

T:
m

ix
in

g
tim

e;
M

TR
:m

as
s

tr
an

sf
er

ra
te

;N
O

T:
nu

m
be

ro
ft

uy
er

es
;O

D
:o

xy
ge

n
di

st
rib

ut
io

n;
PC

O
:p

ar
tia

lp
re

ss
ur

e
of

CO
ga

s;
PS

:p
ar

am
et

er
st

ud
y;

RR
:r

ed
uc

tio
n

ra
te

;R
SA

:r
ea

ct
io

n
su

rf
ac

e
ar

ea
;S

A:
sl

ag
an

al
ys

is
;S

B:
sl

ag
ba

si
ci

ty
;S

D
:s

ul
ph

ur
di

st
rib

ut
io

n;
SD

S:
sl

ag
dr

op
le

ts
iz

e;
SF

:s
la

g
fr

ac
tio

n;
SS

A:
so

lid
sl

ag
am

ou
nt

;S
V:

sl
ip

ve
lo

ci
ty

;T
:t

em
pe

ra
tu

re
;T

st
ar

t:
st

ar
tt

em
pe

ra
tu

re
;T

P:
to

p
pr

es
su

re
;V

:v
el

oc
ity

;

2 W. WEI ET AL.



phase without a material addition, in order to simplify the
modelling work (Table 1-columns ‘Slag’ and ‘Addition’).

To model and predict the nitrogen solubility, the solution
of nitrogen in liquid metal can be described by reaction (1).
The equilibrium constant KN for reaction (1) is shown in
Equation (2), in which, aN, PN2, fN and [%N] are the activity
of dissolved nitrogen, activity coefficient of dissolved nitro-
gen and dissolved nitrogen content in the melt, respectively.
If the reference state is assuming that the nitrogen is diluted
and dissolved in pure iron, [%N] iron is proportional to P1/2

N2
( fN,

iron close to 1) according to Sievert’s law. Then, the activity
coefficient in iron alloy ( fN, alloy) can be expressed by Equation
(3). The activity coefficient fN, alloy is influenced by the inter-
actions between nitrogen and alloy elements in a complex
iron melt. Thus, the dissolved nitrogen content [%N]alloy is
possibly derived from Equation (3). Table 2 shows a few mod-
elling studies to predict nitrogen solubility depending on
alloy components/content, temperature and pressure:

1/2N2 = N (1)

KN =
aN

P1/2
N2

=
fN[%N]

P1/2
N2

(2)

fN, alloy =
[%N]iron

[%N]alloy

� �

PN2, T

(3)

To the best of the author’s knowledge, there is no pub-
lished model that can predict the nitrogen behaviour
during the entire AOD process in a system consisting of
gas, liquid metal, solid slag and liquid slag. In the present
work, a time-dependent thermodynamic AOD process
model was developed to study the nitrogen behaviour
during AOD process. The model system involves equilibrium
multiphases such as gas, liquid metal, liquid slag and solid
slag. Furthermore, the model is divided into decarburisation,
reduction and desulphurisation stages, with consideration of
material additions, multiple slag phases and slag removal.
The focus is to model the nitrogen content of the liquid
steel during the entire AOD process. However, the study of
nitrogen cannot be completely separated from other
elements owing to their interactions. Thus, the current work
aims to investigate the changes of bath temperature, metal
and slag chemical composition during the AOD process as

a function of processing time, and to compare the calculation
results with data from industrial trials in order to verify the
model.

Thermodynamic modelling

Description of the AOD model

In this study, the AOD modelling work has been carried out by
using an existing AOD model, TimeAOD2™ [15], and integrat-
ing it with the computational thermodynamic software
Thermo-Calc® (version 2021a) [35] through using the TQ-
interface to create a new model TimeAOD3™ [36]. The AOD
converter is modelled as a homogenous equilibrium reactor
and the process equilibrium calculations are time step
based. The equilibrium content of steel, slag and gas was cal-
culated with Thermo-Calc® and using the TCOX10.1 database,
which contains thermodynamic data of all the typical phases
relevant for secondary steelmaking such as liquid phase,
oxide phase, sulphide phase and gas phase. Also, the data-
base can handle nitrogen in the system [36]. The equilibrium
computations will suggest the most favourable phases based
on the basis of the minimisation of Gibbs free energy.

The modelling of the AOD process requires the following
input data:

. The weight and composition of the molten metal and
carry-over slag charged in an AOD converter.

. The initial bath temperature.

. Gas flow rates and gas ratios (O2: dilution gas) during
different AOD stages (decarburisation, reduction,
desulphurisation).

. The time for material additions, material analysis and
added amount in the converter.

Figure 1 illustrates the logic of this process model. An
initial equilibrium calculation (t0 = 0 s) is performed with the
incoming molten metal and carry-over slag. The next equili-
brium calculation is subsequently carried out using the
outputs from the initial equilibrium calculation by consider-
ing gases and heat losses leaving the modelled system.
Thereafter, added materials and gases within a time step (0
∼ 0 + �t) are included in the system. The time step �t is typi-
cally a few seconds. These time steps are then repeated till

Table 2. Summary of studies on solubility of nitrogen in the melt.

Researchers System Pressure (N2) Temperature Alloy element range

Pehlke and Elliott [24] Fe–j (j = Al, Cr, Co, Mo, Mn, Ni,
Si etc.)

≤1atm 1600°C Al: 0.02%–0.1%; Cr: <10%, Co<7%, Mn: <6%, Ni:< 10%, Si: <5%

Nelson [25] Fe–N–j (j = any alloy) 1 atm 1200–1900°C Any
Chipman and Corrigan

[26]
Fe–N–j (j = any alloy) 1 atm (N.S.) Low alloy concentration, e.g. V≤5%, Cr/Ni≤10%

Turnock and Pehlke
[27]

Fe–N–Cr–Ni–Si–Mo–Nb (N.S.) (N.S.) Ni≤10%, Cr≤18%, Si≤6%, Mo≤6%, Nb≤6%

Blossey and Pehke [28] Fe–N–Ni–Co ≤1atm 1600°C Ni≤10%, Cr≤20%
Wada and Pehlke [29] Fe–N–Cr–Ni 1atm (N.S.) Ni≤20%, Cr≤40%
Wada and Pehlke [30] Fe–N–Cr–Ni–Ta 1 atm 1509°C–1758°

C
18%Cr, 8%Ni,2%≤V≤20%

Wada and Pehlke [31] Fe–N–Cr–Ni–V 1 atm 1502°C–1767°
C

18%Cr, 8%Ni, ≤15%V

Wada et al. [32] Fe–N–Mn 1 atm 1489°C–1998°
C

Mn = 3.8%, 8.5%, 15.8%

Anson et al. [33] Fe–N–Cr–Ni–Mo–Mn–C ≤1atm 1550°C–1650°
C

20%–30%Cr

Siwka [34] Fe–N–j (j = Cr, Ni, Mo, V, Si, C) 0.0098–31.58
atm

<2150°C Cr: 8%–69%, Ni: 10–60%, Mo: 10%–60%, V: 1.5%–45%, Si: 2%–6%,
C: 0.34%–1.82%

N.S.: not speci�ed
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the end of the AOD process. Specifically, the reduction and
desulphurisation stages in the model are handled as a fixed
one-step calculation each where the time step length is 180
s. The following assumptions have been made to simplify
the model:

. The whole AOD system is assumed to be homogenous and
to be in an equilibrium stable.

. The system is defined using the following elements: Fe, C,
Si, Mn, S, Cr, Ni, Mo, N, Ti, Al, V, W, O.

. The model is taking pressure and temperature into
account. The total pressure and temperature are
assumed to be representative of the whole system at a
given time.

. To solve the problem of Thermo-Calc® convergence, some
not usually present phases are initially set to suspend and
then dormant state during the calculation. Once reaching
a positive driving force the dormant phase is set as an
entered state in the next calculation. If no solution could
be found, the total gas pressure was assumed to increase
by 25 Pa until a solution could be found.

. After the reduction stage, most slag is tapped from the
converter. The removal proportion of solid and liquid
slag phase is assumed the same proportion before slag
removal.

. Material additions are split between time steps with equal
masses during the pre-defined dissolve time.

. The modelled slag phases assume that the element (Si, Cr,
Al, Mn, Mo, Ni, V, Fe, etc.) will form the typical oxides (SiO2,
Cr2O3, Al2O3, MnO, NiO, MoO3, NiO, V2O5, FeO).

. Heat loss from radiation (Qradiation) and convection
(Qconvection) is estimated based on calculated bath tempera-
ture (T ), given radiation (Cradiation) and given convection
(Cconvection) heat loss parameters by Equations (4) and (5):

Qradiation = Cradiation × (T4 � 298.154) (4)

Qconvection = Cconvection × (T � 298.15) (5)

. If not specified, the incoming temperature of material
additions and injected gas are assumed to be 298.15 K.
Charged solid material enthalpies are calculated with
Equations (6)–(8). An ideal mixture is assumed, which

Figure 1. Logic �ow diagram of the AOD modelling.
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means the mixing enthalpy is zero:

DH =
�

xiDHi (6)

Hi(T) = Hf , 298.15K , i + T
298.15

Cp, i(T)dt + DHphase,i (7)

C p,i = a + b × 10�3T + c × 105T�2 + d × 10�6T2 (8)

where �H is the enthalpy change of the material. xi represents
the molar fraction of the pure compound i (i = Fe, Cr, CaO,
MgO, etc.) in the material. Here, Hi (T) and Hf,298.15, i represent
the enthalpy under the temperature of T and the enthalpy of
formation from the pure compound i, respectively. Further-
more, the variable �Hphase,i is the enthalpy change of phase
transition and Cp,i is the specific heat capacity of the pure
compound i and it is temperature dependent. In Equation
(8), heat capacity coefficients a, b, c and d are dependent
on the pure compound i. Thermodynamic data such as
Hf,298.15, �Hphase,i and heat capacity coefficients are taken
from the literatures [37,38].

Industrial practice

The model has been applied to the industrial practice of two
AOD converters in Sweden and tested on data used to
produce two duplex stainless steel grades, EN 1.4410 (25%
Cr, 7%Ni, 4%Mo, 0.27%N) and EN 1.4462 (22%Cr, 5%Ni, 3%
Mo, 0.17%N), to examine the model’s predictive performance.
The modelling results were compared with measurements
from samples obtained from the industrial operation. The ver-
ification is based on the steel samples, slag samples and
temperature measurements taken during AOD processes.
Five samplings were planned for each heat, according to
the following schedule:

. Sample No. 1: after 1st decarburisation step.

. Sample No. 2: in the middle of decarburisation stage.

. Sample No. 3: near the end of decarburisation stage.

. Sample No. 4: after reduction stage.

. Sample No. 5: after desulphurisation stage.

Owing to unexpected difficulties during production, some
samples were not taken as expected. Detailed information of
samplings is shown in Table 3.

In the plant using a gas injection consisting of a mixture of
O2 and N2, where the blowing ratio of oxygen and nitrogen
gas can vary in 3–20 steps during decarburisation depending
on the specific steel grade. A mixture of N2 and/or Ar gas is
injected into the converter after the decarburisation. The
step is completed. Process data were collected during AOD
operations and used as input data in the modelling. Some
assumptions are made based on either empirical information
from the industrial experience or based on literature. The
plant-specified assumptions are detailed described in Table
4. In the model development, the model was adjusted by iter-
ating the model parameters so that the predicted melt

chemical composition is as close as possible to the measured
data from the production heats, such as the remaining slag
amount after slag removal, total pressure and heat loss par-
ameters. These calibrated parameters are presented in
Table 4.

Result and discussion

C% in the bath

Figure 2 displays the changes of modelled and measured
carbon contents during the AOD process. Figure 3 compares
the modelled C% with measured C% and its relative error. The
relative error (RE) is defined in Equation (9):

Relative Error (RE) =
Modelled Value � Measured Value

Measured Value
(9)

The relative error of modelled C% value in comparison with
measured C% value is between −0.93 and 1.28. When the
carbon content is above or around 0.2%, the relative error
is rather small (−0.39 < RE < 0.18). Once the carbon concen-
tration reaches a low level (C < 0.02%), the relative error
between modelled and measured value increases (−0.93 <
RE < 1.28). Besides, Figure 3(a2) and Figure 3(b2) suggest
that the model predicts mostly a lower carbon content than
measurement when the dissolved carbon level is below
0.02%. According to the previous studies [1], when carbon
concentration is high in the bath, the determined factor of
the decarburisation rate is the oxygen concentration in the
bath, while it is determined by mass transfer of carbon in
the bath when the carbon concentration is low. In the
initial decarburisation range, the minor error of the modelled
C% and measured C% suggests that the reaction is close to a
thermodynamic equilibrium. However, when the carbon level
becomes very low (C < 0.02%) in the bath, the kinetic mech-
anisms become significant in the system. The high oxidation
of carbon at the end of decarburisation in the model is prob-
ably owing to the assumption of homogeneity in the reactor.
The model estimates the average oxygen partial pressure in
the AOD converter, while in reality the oxygen partial
pressure may be higher at the top of the slag layer and
lower in the steel bath. Hence, the overall decarburisation
rate would be very low in the real system.

Järvinen has proposed an AOD model [13] which pre-
dicted the locally varying conditions (temperature/pressure
etc.). It predicts that the incoming oxygen is rapidly con-
sumed near the gas nozzle (depth = 1.8 m), which means
that most decarburisation reaction occurs close to the gas
nozzle.

If a nozzle depth (h) of 1.5–2 m is assumed for the current
work, suggested by the plant engineer in the study, together
with a steel density (�steel) of 7000 kg m−3. The total pressure
Ptot acts on the gas bubbles at the distance of nozzle depth is
calculated to reach values between 2 and 2.36 atm, according
to Equation (10) [1]. This range agrees well with the total
pressure during decarburisation used in the current

Table 3. Summary of evaluated heats.

Steel Grade EN 1.4410 EN 1.4462

Converter/steel plant AOD plant 1-75t (AOD1) • AOD plant 2-95t (AOD2) AOD plant 1-75t (AOD1) AOD plant 2-95t (AOD2)
Evaluated heats Heat 1–3 Heat 4 Heat 5–6 Heat 7–12
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modelling (1.8–2.5 atm, described in Table 4):

Ptot = Patm +
rsteel × g × h

1.01325 × 105 (10)

N% in the bath

Figure 4 shows the changes in the nitrogen content during
the AOD process. It can be observed from both steel grades
that the predictions show a better agreement to the exper-
imental data during the reduction and desulphurisation
stages (the last two measured values in Figure 4) compared
to the decarburisation stage. Figure 5b further reveals that
the relative error of nitrogen after decarburisation (−0.23 <
RE < 0.29) is smaller than that during decarburisation
(−0.05 < RE < 1.36). Also, the positive value of RE in
Figure 5(b1) indicated that the majority of the predicted
nitrogen concentrations during decarburisation are
higher than the measured N%. This can also be suggested
through Figure 4.

This indicates that the prediction of nitrogen behaviour is
preferable to be predicted under a total pressure of 1atm
(reduction + desulphurisation). In the real system, a total
pressure of 1 atm corresponds to the position close to the
bath surface where the ferrostatic pressure can be neglected
and the total pressure is approximately the same as the sur-
rounding atmospheric pressure.

In the simulation, it may be realistic to assume that the
oxygen in the injected gases quickly reacts near the gas

nozzle, while the remaining nitrogen gas continues to float
upward towards the bath surface. It forms a gas–liquid two-
phase flow. Once the gas reaches the bath surface, the nitro-
gen gas in the two-phase flow escapes from the melt to the
gas. The high total pressure during decarburisation results
in a higher partial pressure of nitrogen gas that can lead to
a high dissolved nitrogen content in the steel during the dec-
arburisation stage. In addition, the total gas flow rate during
decarburisation is much higher than the reduction and desul-
phurisation stages. Thus, a higher turbulence flow can be
expected during the decarburisation stage and the formed
CO gas may act as a medium to flush away dissolved nitrogen
from the steel [41]. The results suggest that nitrogen is prob-
ably governed by a lower total pressure during the decarbur-
isation stage than the total pressure based on the ferrostatic
pressure (i.e. 1.8−2.5 atm).

Bath temperature

Figure 6 exhibits the changes of modelled and measured
bath temperatures. In Figure 7, the modelled bath tempera-
ture is plotted against measured data. As suggested in
Figure 7, the difference between modelled bath temperature
and measurement i.e. the absolute error is between −70°C
and 95°C. The temperature is adjusted partly by the heat
loss parameters as stated in Table 4. The modelled bath temp-
erature is likely to be improved by applying further adjust-
ments to the heat transfer parameters. However, the

Table 4. Plant-speci�ed parameters during modelling.

AOD1 AOD2

Time step Decarburisation: 10s/step
Reduction: 180s/step (one-step calculation)
Desulphurisation: 180s/step (one-step calculation)

Tinitial bath Estimated from temperature measurement in the transfer ladle before
pouring the melt into the AOD based on an empirical equation [1]

Taken from the process control system which is also
estimated from temperature measurement in the
transfer ladle

[N%] initial bath Assumed as zero in the absence of a realistic value. It is reasonable
because N% in initial bath is extremely low and almost can be
neglected, especially when comparison with the nitrogen source
from gas blowing

Taken from initial bath analysis

Carry-over slag amount 800 kg 800 kg
Carry-over slag analysis Assumed as 35.19% SiO2, 4.2%Al2O3, 1.1%FeO, 2%MnO, 42%CaO,

8.4% MgO, 0.01% P2O5, 7.1% Cr2O3

Slag sample

Gas blowing N2 is consumed not only as a process gas but also as a cooling gas
during material charging

N2 is used only as a process gas mixed with oxygen

Refractory wear Assume 500 kg refractory material is dissolved into the bath per heat (decarburisation: 50%, reduction: 30%, desulphurisation:
20%) [39]. The refractory material is dolomite-based and typically contains 60%CaO + 40%MgO. The average dissolving
temperature is assumed to be 1600°C

Waiting time The waiting time during sampling and sample analysis is considered as a certain period without gas blowing. The main e�ect
during waiting time is temperature drop owing to furnace heat loss

Material dissolving time The average lump size of �ux and alloys are around 30 mm and the model assumes 3 min as dissolving time [39,40]. The
thickness of cooling scrap is around 150 mm which means a longer dissolving time in reality. Owing to its infrequent charging,
the modelling assumes it the same dissolving time as the others for simpli�cation

Remaining slag after removal
(calibrated)

2000 kg 2500 kg

Total pressure
(atm)
(calibrated)

Decarburisation: 2.0 (EN 1.4410),
1.8 (EN 1.4462)
Reduction: 1.0
Desulphurisation: 1.0

Decarburisation: 2.0 (EN 1.4410),
2.5 (EN 1.4462)
Reduction: 1.0
Desulphurisation: 1.0

Radiation coe�cient Cradiation

(kJ × s−1 × K−4)
(calibrated)

Decarburisation: 1.0 e−10 (EN 1.4410),
2.0 e−10 (EN 1.4462)
Reduction: 1.6 e−9 (EN 1.4410),
1.0 e−10 (EN 1.4462)
Desulphurisation: 1.0 e−10

Decarburisation: 2.0 e−10

Reduction: 1.2 e−9 (EN 1.4410),
2.2 e−9 (EN 1.4462)
Desulphurisation: 1.2 e−9 (EN 1.4410),
2.0 e−10 (EN 1.4462)

Convection coe�cient
Cconvection (kJ × s−1 × K−1)
(calibrated)

Decarburisation: 0.1 (EN 1.4410),
0.2 (EN 1.4462)
Reduction: 1.6 (EN 1.4410),
0.1 (EN 1.4462)
Desulphurisation: 0.1

Decarburisation: 0.2
Reduction: 1.2 (EN 1.4410),
2.2 (EN 1.4462)
Desulphurisation: 1.2 (EN 1.4410),
0.2 (EN 1.4462)
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modelling of heat transfer is rather complex. Specifically, it
can be affected by different factors, such as the thickness of
the refractory walls, material addition times, etc. which is
outside the scope of this study.

Cr% in the bath and Cr2O3% in the slag

The modelled Cr% and Cr2O3% contents are compared to
measurements and the results are presented in Figures 8
and 9. As shown in Figure 9(a), the model predicts the chro-
mium concentration in the bath quite well compared to the
measured data (−0.04 < RE < 0.07). However, the relative
error of Cr2O3% is rather high (−0.99 < RE < 26.74). The
highest deviation (RE = 26.74) appears in No. 2 slag sample
of heat 9. In Figure 8, it is presented in purple colour at
about 38 min and the measured Cr2O3% (1.5%) is very close
to the bottom horizontal scale.

To further illustrate the difference between modelled and
measured Cr2O3% in the slag, heat 4 in Figure 8 is selected as
an example. Figure 10 presents the Cr2O3% value of heat 4 in

liquid slag, solid slag (mass weighted average Cr2O3% of mul-
tiple solid slag phases) and total slag, as well as the measured
Cr2O3% content. During the decarburisation stage, the slag
contains both slag and liquid phases. The liquid slag phase
is more homogenous than the solid slag phases. As shown
in Figure 10, the calculated Cr2O3% value in solid slag (blue
line) is higher than the calculated Cr2O3% in liquid slag
(yellow line). The difference in measured Cr2O3% and mod-
elled Cr2O3% is probably owing to the heterogeneous
nature of the slag, which has a poor representation of miner-
alogical variability within a slag sample. Therefore, when
taking a sample, the total Cr2O3% in slag will present a
lower concentration if a larger fraction of liquid slag is
included in the slag sample. Figure 11 exhibits the real slag
samples taken from heat 4, mixed solid slag and liquid
slag phases can be presenting during decarburisation (No.
1–No. 3).

The calculated liquid slag mass ratio in Figure 10 (black
line) is around 80% at the end of decarburisation (around
55 min). This seems not to agree so well with the observance

Figure 2. Changes of C%modelled (–) and C%measured (×) in the bath for steel grade (a) EN 1.4410 and (b) EN 1.4462.

Figure 3. Comparison of (a) C%modelled and C%measured and (b) Relative error (RE) of Cmodelled%.

IRONMAKING & STEELMAKING 7



in the plant where the majority slag ratio is occupied by the
solid slag phases. One of the explanations is that a reaction
layer, 2CaO·SiO2, is formed around the lime (CaO) in the

metallurgical operation, which can limit the thermodynamic
force of lime dissolution in the slag [42,43]. The presence of
undissolved lime may explain the difference in the results

Figure 4. Changes of N%modelled (–) and N%measured (×) in the bath for steel grade (a) EN 1.4410 and (b) EN 1.4462.

Figure 5. Comparison of (a) N%modelled and N%measured and (b) relative error of Nmodelled%.

Figure 6 Changes of Tmodelled (–) and Tmeasured (×) in the bath for steel grade (a) EN 1.4410 and (b) EN 1.4462.

8 W. WEI ET AL.



Figure 7. Comparison of (a) Tmodelled and Tmeasured and (b) Temperature di�erence �T (Tmodelled –Tmeasured).

Figure 8. Changes of Cr%modelled (–) and Cr%measured (×) in the bath, Cr2O3%modelled (–) and Cr2O3%measured (×) in the slag during AOD process for steel grade (a) EN
1.4410 and (b) EN 1.4462.

Figure 9. Comparison of (a) Cr%modelled and Cr%measured and (b) Cr2O3%modelled and Cr2O3%measured.

IRONMAKING & STEELMAKING 9



compared to those predicted using the thermodynamic com-
putation model. Besides, the plant observation through eyes
sometimes is neither reliable owing to the formless nature of
liquid slag and the top solid slag’s porous structure. These
facts make a liquid slag to be present in a higher mass
ratio, but which can hardly be seen through eyes. The miner-
alogy of slag varies greatly during the AOD process. In future
work, it is necessary to use the XRD method to show how
mineral phases in an AOD slag varies to have a better under-
standing about the characteristics of AOD slag.

From another point of the view, if it is assumed that the
Cr2O3% content in the slag sample is correct, a mass
balance calculation can be performed between the melt
and the slag for the first sampling, as described in Table 5.
The estimated metal mass during the first sample according
to Cr balance is 90 t, which is more than the measured

initial metal mass (88.7 t). The increase of metal mass is
impossible when dissolved carbon and metal are oxidised
into slag and gas phases and there is no addition of scrap
materials. The imbalance of Cr mass indicates that the
sampling perhaps is not so representative for the real situ-
ation during the decarburisation stage.

CaO% and MgO% in the slag

The modelling comparison results of slag components CaO
and MgO are presented in Figure 12. During decarburisation,
some deviations can be observed between predicted and
measured CaO and MgO values owing to the inhomogeneity
of the decarburisation slag. The slags during reduction and
desulphurisation stages containing mostly or only liquid
slag, which will result in a better agreement between

Figure 10. Cr2O3% in measurement and modelling of heat 4.

Figure 11. Slag samples from heat 4 (No. 1: at the beginning of decarburisation; No. 2: in the middle of decarburisation; No. 3: at the end of decarburisation: No. 4:
during reduction; No. 5: after desulphurisation).

Table 5. Mass balance during 1st sampling in Heat 4.

Input/output Amount Unit

Balance of SiO2
SiO2 mass in the initial slag (mSiO2) 249 kg
SiO2 mass in the 1st slag (mSiO2’ = mSiO2) 249 kg
Measured SiO2% in the 1st slag (SiO2%) 9.8 %
Estimated initial slag mass in the slag (mslag= mSiO2’/SiO2%) 2538 kg
Balance of Cr2O3
Measured Cr2O3% in the 1st slag (Cr2O3%) 36 %
Estimated Cr2O3 mass in the 1st slag (mCr2O3 = mslag × Cr2O3%) 916 kg
Cr2O3 mass in the initial slag (mCr2O3’) 13.5 kg
Increased Cr2O3 mass from initial slag to the 1st slag (�mCr2O3= mCr2O3 − mCr2O3’) 903 kg
Balance of Cr
Measured initial metal mass (mmetal) 88.7 t
Measured Cr% in initial metal (Cr%) 26 %
Cr mass in initial metal (mCr= mmetal × Cr%) 23049.4 kg
Increased Cr mass in the slag (�mCr= �mCr2O3 /Molar mass (Cr2O3) × 2 × Molar mass (Cr)) 617.6 kg
Decreased Cr mass in the metal (�mCr’= �mCr) 617.6 kg
Cr mass in the metal during 1st sampling (mCr’= mCr − �mCr’) 22432.8 kg
Measured Cr% in the metal during 1st sampling (Cr%’) 24.9 %
Estimated metal mass (mmetal’ = mCr’/Cr%’) 90 T
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measurements and predicted in general. Besides, the differ-
ence between results can also be attributed to the assump-
tion of the addition time and the dissolving time during
modelling, which may differ from an industrial condition.
However, some trends, like an increase of CaO and a decrease
of MgO content in the slag during the AOD process, are pre-
dicted quite well.

Conclusions

In the current work, a developed AOD model has been devel-
oped based on thermodynamic equilibrium calculations to
predict the dissolved nitrogen content and other metal/slag
compositions. It has been tested on process data of two
duplex steel grades from 12 production-scale heats. The fol-
lowing conclusions can be drawn from the comparison
between the predicted and measured values:

. The minor deviation of C content (−0.39 < RE < 0.18) at the
beginning of decarburisation shows that the reactions
have reached an equilibrium state. The main variance
was observed in the low-C concentration range (C <
0.02%), which has a relative error between −0.92 and
1.28. This is probably owing to the role of kinetic mechan-
isms when the carbon level is low in the system. The model
tends to predict a lower C concentration compared to the
measured value when the C level is low, and this can be
explained by kinetic mechanisms, and in the modelling,
it is assumed that the system is homogeneous.

. The relative error of nitrogen after decarburisation (−0.23
< RE < 0.29) is smaller than that during decarburisation
(−0.05 < RE < 1.36). The majority of modelled N% values
in comparison to the measured N% value is higher
during decarburisation. This suggests that nitrogen is
probably governed by a lower total pressure during the

decarburisation stage than the total pressure based on
the ferrostatic pressure (i.e. 1.8–2.5 atm). In the real situ-
ation, the high turbulence together with formed CO gas
during decarburisation can flush the dissolved N out of
the bath which may result in a lower nitrogen content
than the modelled N control.

. The absolute error of predicted bath temperature and
measurement is between −70°C and 95 °C.

. The model predicts the chromium concentration in the
bath quite well compared to the measured data (−0.04 <
RE < 0.07).

. The deviation of Cr2O3%, CaO% and MgO% content in the
slag during decarburisation mostly arise from the inhomo-
geneities of the slag during the decarburisation stage.

In summary, the model is capable of predicting the
changes of the dissolved nitrogen content during the entire
AOD process of the full-scale heats. One major feature of
the model is its application in performing equilibrium compu-
tations for multiple phases (liquid metal, liquid slag, solid slag
and gas phases) through the AOD process. The model could
be used to investigate the influence of parameters on the
AOD process and to establish an optimal operational practice.
Meanwhile, there are still a few open questions and modifi-
cations of the model to be solved, such as the implemen-
tation of different total gas pressures for equilibrium
reaction of N and C, considering the kinetic mechanism in
the model, as well as determining the mineralogy of AOD
slags by using XRD.
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