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Effect of Slag Composition on Dephosphorization
and Foamability in the Electric Arc Furnace
Steelmaking Process: Improvement of Plant
Operation

JUNG HO HEO and JOO HYUN PARK

The effect of slag composition under M’O (monoxide, M = Fe,Mg) saturation and fully liquid
conditions on dephosphorization and slag foamability was evaluated in an electric arc furnace
(EAF) steelmaking plant operation by considering thermodynamics and phase equilibria. It was
confirmed that M’O saturation slag is more favorable for higher dephosphorization than fully
liquid slag due to its high activity of CaO as a thermodynamic driving force. As a quantitative
measure of slag foamability, the foaming index was clearly dependent on the temperature and
slag composition. Moreover, foam stability was evaluated by applying the predominance
stability diagram based on phase equilibria. Consequently, it can be suggested that an efficient
direction for dephosphorization and slag foaming during the EAF process is to generate high
CaO activity as well as small amounts of M’O monoxide and dicalcium silicate (Ca2SiO4)
compounds.
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I. INTRODUCTION

THE electric arc furnace (EAF) has evolved into a
fast and low-cost melter of scrap where the major
criterion is higher productivity in order to reduce fixed
costs.[1] Various technologies to achieve higher produc-
tion rates include oxy-fuel burners, oxygen lancing,
additive injection (carbon, lime, dolomite, etc.), foamy
slag practices, CO gas post-combustion, EAF bath
stirring, and the use of an alternative iron source (e.g.,
direct reduced iron, DRI). In particular, the desirable
addition of fluxing agents and foamy slag practices,
which are very important for the refining efficiency of
molten steel and its productivity during EAF operation,
are strongly related to the slag composition.[2–6]

Because a classic impurity in molten steel is phos-
phorus, the removal of phosphorus in molten steel by
EAF slag is obligatorily performed during EAF oper-
ation.[7] Burnt lime (CaO) or dolomite (CaOÆMgO) are

used as typical fluxing agents and have high refining
ability and low cost. Thus, the thermodynamics of
dephosphorization of molten steel via CaO-based slags
has been widely investigated.[5–21] However, high
amounts of burnt lime and/or dolomite have been
overcharged in the commercial EAF process to obtain
highly basic slag, which is undesirable from a practical
point of view considering the slag volume and its
post-mortem treatment. A reasonable technique to
achieve a higher dephosphorization efficiency is to
control the content of other oxides such as Al2O3, FetO,
and MnO accompanied with high CaO activity in EAF
slag. Because the thermodynamic behaviors of these
amphoteric oxides, which act as an acidic or basic oxide,
are dependent on the slag composition at a given oxygen
potential and temperature, researches on the effect of
these oxides upon dephosphorization have been widely
investigated.[8,9,15–20]

In addition, the slag composition is also one of the
dominant factors for promoting foamy slag because the
FeO activity as a thermodynamic driving force for FeO
reduction (i.e., CO evolution), MgO solubility, and
thermophysical properties of slags are strongly depen-
dent on the slag composition to sustain the CO gas
production reaction.[1,22–30] Specifically, the precipita-
tion of solid compounds such as magnesiowüstite, i.e.,
(Mg,Fe)O monoxide, and dicalcium silicate (Ca2SiO4,
C2S) in EAF slag directly affects slag foaming phenom-
ena by changing the apparent viscosity of slag.[23,24]

Namely, the precipitation of solid compounds
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significantly increases the foam stability. To precipitate
(Mg,Fe)O monoxide, FeO produced by the oxidation of
molten steel should react with MgO which mostly
originates from dolomite and/or MgO refractory. How-
ever, because chemical corrosion of MgO refractory
should be suppressed to prolong the lining life, control
of the MgO content by suitably adding dolomite (not
over charging) is a reasonable practice. Additionally, it
was reported that the formation of a (Mg,Fe)O inter-
mediate layer at the slag/refractory interface can
improve the life of the refractory line by preventing
direct corrosion of refractory by molten slag.[31,32] Thus,
the formation of (Mg,Fe)O monoxide helps to increase
foam stability which reduces refractory consumption.[1]

One of the roles of CaO in slag in addition to
increasing the phosphate capacity is to decrease MgO
solubility. It was reported that the MgO solubility
decreases with increasing CaO/SiO2 ratio, indicating
that precipitation of the (Mg,Fe)O monoxide can be
easily induced with small amounts of dolomite addition
at a high CaO/SiO2 ratio.[22,33] Foamability is also
dependent on the CaO/SiO2 ratio. However, an exces-
sive increase of CaO content beyond the C2S saturation
limit is exceptionable. High amounts of C2S in slag
inordinately increase the slag viscosity, contributing to
lower foam stability.[26] Thus, appropriate control of the
CaO/SiO2 ratio is very crucial to stabilize slag foam
during the EAF process.

The (Mg,Fe)O monoxide and C2S compounds sus-
pended slag mentioned above are frequently occurred in
commercial EAF plant operation due to the heteroge-
neous slag composition, temperature fluctuations, and
impurities in the fluxing agents. The solid + liquid
multiphase slag affects the foamability and dephospho-
rization efficiency. Even though slag foam is relatively
stable in the multiphase composition region, it is
estimated that the absolute quantity of phosphorus
absorption by slag is inversely proportional to the solid
fraction of slag. Namely, the dephosphorization effi-
ciency is generally improved with an increase of the
liquid fraction of slag. However, fully liquid slag has
several practical disadvantages such as damage of
refractory lines and delicate slag foaming practice. Thus,
the process requires the use of small amounts of
solid-containing multiphase slag, which may decrease
the dephosphorization efficiency during the refining
stage. However, it cannot be simply guaranteed that
dephosphorization will decrease in the multiphase slag
because dephosphorization is strongly affected by the
basicity (i.e., aO2� ) of liquid slag. In addition, the
thermodynamic driving force in liquid slag will change
depending on which solid phases are precipitated.

In summary, a number of previous studies have
investigated the effect of slag composition on dephos-
phorization and they generally emphasize the impor-
tance of a higher slag basicity. Because slag may be
generally in a solid + liquid multiphase condition
during the commercial EAF process, proper amounts of
solid phases like (Mg,Fe)O monoxide and C2S

compound should be controlled by considering the
phase equilibria of the slag, which affects the dephos-
phorization driving force as well as efficient slag
foamability.
Therefore, it is necessary not only to evaluate the

effect of solid + liquid multiphase slag on dephospho-
rization by considering the actual EAF slag operation
window, but also to determine which factor mainly
contributes to the increase of dephosphorization effi-
ciency. At the same time, the foaming index should be
discussed as a quantitative measure of slag foamability
with interpretation based on phase equilibria. Here, the
important point is to use slag composition obtained
from an industrial EAF operation for the effect of solid
+ liquid multiphase slag on slag foaming as well as
dephosphorization behavior, which is of prime impor-
tance in plant operation. Therefore, the evaluation of
the dephosphorization thermodynamics and foamability
of the multiphase slag will be simultaneously discussed
and compared to fully liquid slag operation.

II. OPERATION OF THE ELECTRIC ARC
FURNACE PROCESS

An industrial plant trial was performed in a commer-
cial EAF melt shop in Korea. An EAF with a 70 or 140
ton nominal capacity was evaluated. The fluxing mate-
rials such as dolomite (CaOÆMgO), burnt lime (CaO),
and reducing agents such as carbon in a lumpy form
with scrap were charged in two or three baskets during
the melting stage. After melt down confirmation, pul-
verized coal (80 to 85 pct carbon) and Al dross (mixture
of metallic Al and Al2O3, 20 to 25 pct metallic Al) were
injected to increase the yield of steel and to induce slag
foaming, which is originated by the production of CO
(and CO2) gas by carbothermic reduction. Sustainability
of slag foaming is strongly dependent on slag compo-
sition and temperature. In addition, powder lime was
also injected into the slag phase to refine the molten
steel. Lime injection will induce transient change of slag
composition and temperature during EAF refining
operation. Even though temperature slightly decreases
by the addition of lime, transient change of slag
composition and temperature will affect the refining
ability of molten slag. Furthermore, it is instantaneously
possible to precipitate M’O and Ca2SiO4 phases by
heterogeneity and local fluctuation of temperature in the
furnace. High CaO (and MgO) content in slag will be
able to retard MgO refractory corrosion by increasing
the chemical potential of MgO in slag phase.
The entire operation time was generally about 60

minutes and the average temperature was 1843 K (1570
�C). After the required operations were completed,
sampling of molten steel and slag was carefully per-
formed before tapping. Long steel tube was used to
collect metal sample, which is cylindrical in shape with
about 20 mm diameter and 60 mm height, followed by
air cooling. Similarly, a steel bar was immersed into
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molten slag layer and then slag sample can be collected
by coating the bar surrounded. Metal and slag samples
were carefully detached from sampling tools and were
sent for chemical analysis. The compositions of the steel
and slag samples were determined by inductively cou-
pled plasma-atomic emission spectroscopy (ICP-AES)
and X-ray fluorescence spectroscopy (XRF), respec-
tively. More details of the sampling process are available
elsewhere.[22]

In this study, the slag composition is mainly divided
into two conditions: fully liquid slag and monoxide
(M’O) saturation slag, which were evaluated by using
the phase diagram module in FactSageTM 7.3 software.
The average steel and slag compositions in 66 operation
heats for fully liquid slag and 15 operation heats for
M’O saturation slag used in this study are listed in
Table I. The compositions of the two types of slag, the
CaO–SiO2–FeO-8 pct MgO-15 pct Al2O3-10 pct MnO
system (Figure 1(a)) and the CaO–SiO2–FeO-11 pct
MgO-8 pct Al2O3-11 pct MnO system (Figure 1(b)), are
shown in the phase diagrams in the temperature range
from 1823 K to 1923 K (1550 �C to 1650 �C) and at
p(O2) = 10�10 atm in addition to the univariant phase
equilibria. The yellow region represents the liquid region
at 1843 K (1570 �C).

It is noteworthy that the basicity defined as the CaO/
(SiO2 + Al2O3) {=C/(S + A)} ratio in M’O saturation
slag (Type B: C/(S + A) = 1.12 ± 0.1) is slightly higher
than in the fully liquid slag (Type A: C/(S + A) = 0.75
± 0.09) and the Al2O3 content in the M’O saturation
slag (Type B: Al2O3 = 8.4 mass pct) is about 2 times
lower than in the fully liquid slag (Type A: Al2O3 = 15.7
mass pct). Dephosphorization and slag foaming behav-
ior are greatly affected by changes of the slag compo-
sition, contributing to a variation of basicity and
viscosity as the representative thermodynamic driving
force and thermophysical property, respectively. There-
fore, it is necessary to understand the fundamental
thermodynamic behavior of FeO and P2O5, which will
be discussed in Section III–A. In addition, assessment of
the foaming behavior is also required based on phase
equilibria, which will be discussed in Section III–B.

III. RESULTS AND DISCUSSION

A. Influence of Basicity on the Thermodynamic Behavior
of FeO and P2O5 Under M’O Saturation and Fully Liquid
Slag Conditions

The effect of basicity, defined as the CaO/(SiO2 +
Al2O3) mass ratio, on the contents of FeO and P2O5 in
M’O saturation and fully liquid slag is shown in
Figure 2. All of the slag composition data under M’O
saturation are plotted along with the fully liquid slag
data. The FeO content decreases with increasing basicity
index with some scatters (Figure 2(a)) and the content of

P2O5 continuously increases with increasing basicity,
irrespective of the slag conditions (Figure 2(b)), viz. fully
liquid slag and M’O saturation slag. The average P2O5

content in M’O saturation slag (= 0.4 ± 0.06 mass pct)
is relatively higher than the one in fully liquid slag
(= 0.2 ± 0.06 mass pct). The average content of FeO in
M’O saturation slag (= 17.0 ± 3.9 mass pct) is relatively
lower than the one in fully liquid slag (= 24.6 ± 4.1
mass pct).
The behavior of FeO and P2O5 in EAF slag can be

thermodynamically understood by considering the activ-
ity coefficients of FeO and P2O5, which vary with
basicity, as shown in Figure 3. The activity coefficient of
FeO (cFeO) qualitatively exhibits a maximum at a
basicity of about C/(S + A) = 1.0 ± 0.1, and cFeO in
M’O saturation slag is higher than that in fully liquid
slag. The activity coefficient of P2O5 (logcP2O5

) contin-
uously decreases with increasing basicity. In particular,
logcP2O5

in M’O saturation slag is clearly lower than that
in fully liquid slag. Namely, the stabilities of FeO and
P2O5 are strongly dependent on the change of basicity as
a thermodynamic driving force.
To quantitatively evaluate phosphorus removal dur-

ing the EAF process, the effect of basicity on the
distribution ratio of phosphorus (LP ¼ pct P2O5ð Þ=
pct P½ �) for M’O saturation slag and fully liquid slag
composition was evaluated, as shown in Figure 4. LP

clearly increases with increasing basicity and the average
LP value of M’O saturation slag (LP ¼ 23.9) is about 2.5
times higher than the average value of fully liquid slag
(LP ¼ 9.4).
Previous results generally reported that the CaO

activity in CaO-based slag is key parameter to increase
the dephosphorization efficiency. CaO, which behaves as
a representative basic oxide, improves the activity of free
oxygen ions (aO2�) as a basicity index in molten EAF
slag based on Eqs. [1] and [2].[3,34–37]

CaOð Þ ¼ Ca2þ
� �

þ O2�� �
½1�

aO2� ¼
K 1½ � � aCaO

aCa2þ
½2�

Because the activity of free oxygen ions cannot be
directly measured due to thermodynamic constraints,
dephosphorization was indirectly evaluated by consid-
ering the CaO activity at a constant temperature by
assuming that aO2� � aCaO. Hence, the linear relation-
ship between the logarithmic of the CaO activity and the
phosphate capacity, which is expressed in Eq. [4] based
on the dephosphorization reaction shown in Eq. [3], can
be deduced to Eq. [5].

1

2
P2 gð Þ þ 3

2
O2�� �

þ 5

4
O2 gð Þ ¼ PO3�

4

� �
½3�
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CPO3�
4

¼
K 3½ � � a3=2O2�

fPO3�
4

¼
pct PO3�

4

� �

p
1=2
P2

� p5=4O2

½4�

logCPO3�
4

¼ 3

2
logaCaO � 3

2
logaCa2þ � logfPO3�

4
þ Const:;

½5�

where K 3½ � is the equilibrium constant of Eq. [3], aO2� is

the activity of free O2� ions, fPO3�
4

is the activity coeffi-

cient of phosphate ions in the slag, and pi ¼P2;O2ð Þ is the
partial pressure of the gaseous constituent of i (atm).
The partial pressure of phosphorus gas can be obtained
based on thermodynamic equilibrium reaction as follows:

1

2
P2 gð Þ ¼ ½P�inFe;

DG�
6½ � ¼ �157; 700þ 5:4T J/molð Þ

½6�

K 6½ � ¼
fP � pct P½ �

p0:5P2

: ½7�

Here, the activity coefficient of phosphorus (fP) in
molten steel was calculated from Eq. [8] by applying the
interaction parameters between Si, Mn, P, and C listed
in Table II.[38]

logfP ¼
Xi¼Si;Mn;P;C

eiP � mass pct i½ � ½8�

In addition, to calculate oxygen partial pressure, the
following equilibrium reaction was considered.[39]

Fe lð Þ þ 1

2
O2 gð Þ ¼ FeOð Þ;DGo

9½ �

¼ �256; 000þ 53:7T J/molð Þ ½9�

K 9½ � ¼
aFeO

p0:5O2

: ½10�

Here, the activity of FeO (aFeO) can be obtained by
using FactSageTM 7.3 software.

Based on Eq. [5], logCPO3�
4

and logaCaO indicate a

linear relationship with a slope of 3/2, assuming that the
compositional dependency of aCa2þ and fPO3�

4
are not

critical at a fixed temperature. A slope of about 2.0(±
0.1) was experimentally obtained from the least square
regression analysis between logCPO3�

4
and logaCaO, as

shown in Figure 5. The slope is slightly larger than the
theoretical slope (= 1.5), qualitatively indicating that
the decreasing rate of fPO3�

4
is higher than the increasing

rate of aCa2þ with increasing CaO activity. Even though
the slope from the relationship between logCPO3�

4
and

logaCaO is slightly higher than the theoretical value, a

linearity with a slope of 2.0 is reasonable within
experimental scatters of plant data. This indicates that
the CaO activity strongly affects dephosphorization,
although the liquid fraction of slag containing a small
amount of the M’O solid phase is relatively smaller than
that of fully liquid slag. In other words, increasing CaO
activity in liquid slag as a thermodynamic driving force
is crucial to increase dephosphorization efficiency even
under M’O saturation conditions.
The quantitative understanding of phosphate capacity can

be more corroborated by employing the activity of each slag
component. Hence, iso-activity contours of each oxide are
displayed in the CaO–SiO2–FeO–11MgO–8Al2O3–11MnO
phase diagram at 1843 K (1570 �C) in Figure 6. In
particular, the activity contours of each oxide are
exhibited in the liquid slag (L) region as well as the
M’O saturation (L + M’O) region to compare between
fully liquid and M’O saturation conditions. The CaO
activity in the M’O saturation region is higher than in
the fully liquid region and the SiO2 activity in the M’O
saturation region is lower than in the fully liquid region.
The CaO activity dominantly affects the driving force
for the dephosphorization reaction. Meanwhile, the FeO
activity shows a curved response, i.e., amphoteric
behavior, with increasing CaO/SiO2 ratio at a fixed
FeO content.
In addition, the variation of (pct Fe/pct Mg) in the

M’O phase represented as a gradation of color is
observed in the L + M’O region. For better under-
standing, the iso-(pct Fe/pct Mg) contours are also
shown in the M’O phase region from 0.3 to 2.0. In the
type B slag, (pct Fe/pct Mg) in the M’O phase is a low
value from around 0.3 to 1.0, indicating that the effect of
MgO in slag on the chemical potential of M’O forma-
tion was more dominant than FeO in the slag. It can be
estimated that protection of the MgO refractory by slag
attack was quite efficient due to the low solubility of
MgO in slag. However, if the value of (pct Fe/pct Mg) is
high, the main source for forming the M’O phase is FeO
in slag, which originates from molten steel, i.e., with a
lower yield of steel. Hence, (pct Fe/pct Mg) in the M’O
phase may be a qualitative indicator for adequacy of the
MgO content in slag and the yield of steel.
It is noteworthy that the direction of controlling slag

composition from the fully liquid region to the M’O
saturation region is thermodynamically efficient to
increase dephosphorization based on the activity vari-
ation. However, an excessive amount of the M’O phase
will apparently increase the slag viscosity, which affects
the slag foaming practice. Thus, it is necessary to
evaluate the effect of slag composition on slag foaming,
which will be discussed in the following section.

B. Influence of Slag Composition on Slag Foaming Under
M’O Saturation and Fully Liquid Slag Conditions

Slag foaming is strongly affected by the slag viscosity,
which is dependent on the MgO content as well as
basicity. The MgO content in M’O saturation slag, i.e.,
(pct MgO)M’O-sat., is dynamically affected by the oper-
ating conditions, and thus, the distribution of MgO in
M’O saturation slag and fully liquid slag can be
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evaluated by plotting (pct MgO)M’O-sat. as a function of
slag basicity at 1843 K (1570 �C), as shown in Figure 7.
The (pct MgO)M’O-sat., which was calculated using the
FactSageTM 7.3 software, decreased with increasing
basicity, indicating that MgO provides basic character-
istics in the present slag. It is noteworthy that the MgO
content in M’O saturation slag is clearly distributed
beyond the (pct MgO)M’O-sat. limit but the MgO content
in fully liquid slag is under the (pct MgO)M’O-sat. limit.
For slag composition beyond the M’O saturation

limit, it is expected that slag viscosity is relatively higher
than fully liquid slag due to the precipitation of solid
compounds according to Einstein–Roscoe equation.[40]

A higher viscosity increases the foaming index (R),
which is equal to the retention or traveling time of gas in
the slag, which can be used as a quantitative index of
foam stability.[23,24] Hence, it is required to evaluate the
effect of basicity on the foaming index. In the present
study, the empirical equation of the foaming index of a
multicomponent slag system proposed by Ito and
Fruehan[24] was suggested by considering the thermo-
physical properties of slags as follows:

X
¼ k

g
ffiffiffiffiffiffiffiffiffi
q � rp ; ½11�

where k, g q, and r are a constant, viscosity [Pa s],
density [kg/m�3], and surface tension [N/m], respec-
tively. The constant k was assigned a value of 999 due
to the value obtained from a similar slag composition
by Kim et al.[28] Viscosity can be obtained by FactSa-
geTM 7.3. Here, the effect of solid precipitation on slag
viscosity is considered by using the Einstein–Roscoe
equation. In addition, the density and surface tension
are estimated using the polynomial expression by con-
sidering pure components, which are functions of tem-
perature. Temperature dependencies of surface tension
and density of slag components are available
elsewhere.[22]

The foaming index of the present slag compositions as
well as the previous reports by Fruehan et al.[23–27] are
compared in Figure 8, which shows x-axis as CaO/SiO2

(C/S) ratio as a basicity index due to original expression
of the previous authors. The foaming index of the
present study and Fruehan et al.’s data generally
decreases with increasing basicity up to C/S =
1.0–1.2, depending on the slag composition, and it
rebounds with increasing basicity, which is in excess of
the liquidus composition. This behavior is strongly
affected by the slag viscosity based on Eq. [11]. For slag
basicity, C/S<1.2, the viscosity decreases with increas-
ing basicity but beyond 1.2, the viscosity that apparently
increases with increasing basicity is affected by the
precipitation of solid compounds, contributing to
increase the foam stability.
Ito and Fruehan[23] reported that the precipitation of

solid compounds like Ca2SiO4 has a larger effect than
the increase of surface tension on foam stability. Hence,
in the present slag system (CSFAMnM), the foaming
index of M’O saturation slag is slightly higher than that
of fully liquid slag. However, compared to the foaming
index results of other researchers, the rate of change of
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Fig. 1—EAF slag compositions in (a) the CaO–SiO2–FeO–8MgO–15Al2O3–10MnO system and (b) the CaO–SiO2–FeO–11MgO–8Al2O3–11MnO system
in the temperature range from 1823 K to 1923 K (1550 �C to 1650 �C) and at p(O2) = 10�10 atm [Yellow region: liquid area at 1843 K (1570 �C)].
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the present slag foaming varying with C/S ratio is not
significant due to the higher temperature (1843 K [1570
�C]). Nonetheless, a comparison of foaming index
between solid–liquid multiphase (M’O saturated) and
fully liquid slags clearly provides that foaming index of
M’O saturated slag is relatively higher than that of fully
liquid slag. Specifically, the present results lead to
introduce the efficient way for the enhanced foaming
practice, contributing to actual improvement of a
commercial plant operations.

Ito and Fruehan[23] studied the foaming of the
CaO–SiO2–30FeO–3~5Al2O3 (CSFA, mass pct) slag at
1573 K and 1673 K (1300 �C and 1400 �C). Because the
temperatures (1573 K and 1673 K (1300 �C and 1400
�C)) are relatively lower than the present temperature
(1843 K [1570 �C]), the value of the foaming index is
basically higher and the downward concave shape is
more remarkable. In other words, the decreasing rate (at
C/S < 1.2) and increasing rate (at C/S > 1.2) with
changing C/S ratio in Ito and Fruehan’s results are
significantly steeper than in the other results.

Jiang and Fruehan[25] studied foaming behavior
of the CaO–SiO2–FeO–Al2O3 (CSFA) and CaO–SiO2–
MgO–Al2O3–FeO (CSMAF) slag at 1773 K (1500 �C)
with C/S> 1.0. They reported that the foaming index
decreases with a change of the FeO content because slag
drainage from the foam becomes significant due to a
decrease of viscosity. Compared to the present results,
the temperature in the present study is higher than their
experimental temperature and thus, the foaming index

values of CSFA and CSMAF slag are slightly higher
than that of the present CSFAMnM slag. Furthermore,
the present slag contains relatively high FeO (10 to 30
pct) and MgO (to 10 pct) contents, contributing to the
decrease of slag viscosity. Therefore, a combination
effect of the slag composition and temperature affects
the variation of the foaming index.
Even though the present data of the foaming index

are insufficient with C/S < 1.2 region, it can be
compared to the foaming index value reported by other
researchers.[23–27] The foaming index of CSFA slag at
1573 K (1300 �C) reported by Ito and Fruehan[23] is not
different from that of CSF slag at the same temperature
reported by Jiang and Fruehan.[25] However, the foam-
ing index of CSFM slag at 1713 K (1440 �C) reported by
Jung and Fruehan[27] is much lower than CSF and
CSFA slags at 1573 K and 1673 K (1300 �C and 1400
�C). Therefore, in order to obtain effective foam
stability, it is necessary to control the temperature and
slag composition simultaneously.
Various factors such as temperature, CaO/SiO2 ratio,

MgO content, and FeO also affect the formation of the
M’O solid phase, which introduces foamy slag during
the EAF process. Because the M’O phase mainly
consists of MgO and FeO, it is required to understand
the phase stability between MgO and FeO based on
phase equilibria. Thus, to simultaneously consider MgO
and FeO in molten slag, the stability diagram of the
CaO–SiO2–FeO–MgO (C/S = 1.3 to 1.6) simplified slag
system at 1843 K (1570 �C) and p(O2) = 10�10 atm is

Fig. 2—Effect of basicity on the (a) FeO and (b) P2O5 contents in EAF slag under M’O saturation and fully liquid slag conditions.
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shown in Figure 9. Four regions of stable phases are
extracted from the stability diagram: liquid (L), L +
C2S, L + (Fe,Mg)O, and L + (Fe,Mg)O + C2S. Most
slag composition in fully liquid slag was near the
saturation limits of C2S and (Fe,Mg)O based on the
phase boundary at an average C/S = 1.4. However,

Fig. 3—Effect of basicity on the activity coefficients of (a) FeO and (b) P2O5 in EAF slag.

Fig. 4—Effect of basicity on the distribution ratio of phosphorus
(LP).

Table II. Interaction Parameters Used in the Present Study

eiP, i ! Si Mn P C

P 0.099 � 0.032 0.054 0.126

Fig. 5—Relationship between logCPO3�
4

and logaCaO.
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M’O saturation slag was placed in the stable phase
region, i.e., L + (Fe,Mg)O + C2S, based on the phase
boundary at an average C/S = 1.6.

In particular, the dual saturation point of C2S and
(Fe,Mg)O is very important for effective slag foaming
and dephosphorization during the EAF process.[22,26,29]

The precipitation of (Fe,Mg)O can be explained by the
activity of FeO (aFeO) and MgO (aMgO) in liquid slag.
Iso-activity contours of FeO and MgO in the liquid
phase at a fixed CaO/SiO2 ratio of 1.4 are also shown in
Figure 9. An increasing rate of aMgO is more remarkable
than a changing rate of aFeO with a change of the slag
composition. Namely, controlling the MgO content is
more efficient than controlling the FeO content to

saturate the (Fe,Mg)O phase. Thus, appropriate dolo-
mite addition is necessary to form the (Mg,Fe)O phase
as well as to prevent refractory corrosion.
The precipitation of C2S in the EAF slag is closely

related to both foam stability and dephosphorization.
The precipitation of C2S phase can be properly con-
trolled by adding lime (CaO) and/or dolomite
(CaOÆMgO) fluxes. In particular, CaO addition is
essential to refine molten steel by dephosphorization
based on the thermodynamic discussions in Sec-
tion III–A, but it is crucial to add the appropriate
amount of CaO to prevent excess precipitation of C2S.
Pretorius and Carlisle[26] schematically depicted the
relationship between the foaming index and the effective
viscosity of slag. They reported that the foam stability
and foam life are extended by increasing the residence
time of the gas bubbles in the slag as an increase of the
effective slag viscosity. However, slag becomes exces-
sively oversaturated by precipitating excessive secondary
particles and thus, the foaming index decreases.
It is known that phosphorus can be dissolved into the

C2S in slag by forming a dicalcium silicate and trical-
cium phosphate (3CaOÆP2O5) solid solution, i.e.,
C2S–C3P solution.[41–46] In other words, dephosphoriza-
tion can be also performed by using solid C2S in the
slag. Ito et al.[43] confirmed that the distribution ratio
of phosphorus (LP ¼ pct C3Pð Þin C2S= pct C3Pð Þin slag)

between C2S solid and molten CaO–SiO2–FetO–P2O5

slag at 1623 K to 1813 K (1350 �C to 1540 �C) was high,
indicating that the stability of phosphorus as a C2S–C3P
solid solution is higher than that of molten slag. Similar
research by Inoue and Suito[44] reported that the
maximum distribution ratio of phosphorus (LP ¼
pct P2O5ð Þin C2S�C3P solution= pct P2O5ð Þin slag) between

C2S particles and CaO–SiO2–FetO slag at 1573 K to
1833 K (1300 �C to 1560 �C) is obtained at the nose
composition of the C2S primary phase region in the
CaO–SiO2–FetO phase diagram. Furthermore, they
proposed three reaction steps for phosphorus transfer
from the CaO–FetO–P2O5 slag. Namely, dephospho-
rization is possible even in solid-containing multiphase
slag.[45,46]

Fig. 6—Iso-activity contours of each oxide in the
CaO–SiO2–FeO–11MgO–8Al2O3–11MnO phase diagram at 1570 �C
and gradient of (pct Fe/pct Mg) in the M’O phase in the L + M’O
region (Color figure online).

Fig. 7—Effect of basicity on the MgO content in fully liquid slag
and M’O saturation slag.

Fig. 8—Effect of CaO/SiO2 ratio of slag and temperature on the
foaming index (R).
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Here, existence of solid compounds in molten slag
directly affects slag foaming phenomena by changing the
slag viscosity.[22,26,29] Slag foaming can indirectly induce
an agitation effect which make it possible to improve
dephosphorization kinetics. Mukawa and Mizukami[47]

reported that the dephosphorization reaction rate is
mixed controlled by mass transfer in the metal and slag
phases. In their model calculation results, an increase of
stirring energy promotes the dephosphorization reac-
tion. Slag foaming leads to an increased suspension time
of metal droplets compared to non-foamy slag.[48]

Foamy slag will increase the reaction interface, con-
tributing to enhance dephosphorization kinetics.[49] In
addition, the stirring effect has an advantage by reduc-
ing the inhibition layer. Suito and Inoue[50] reported that
dephosphorization by mesoscopic scale (several tens’
micrometers in their claims) solid phase (CaO or C2S)
containing slag, called meso-slag (= multiphase slag), is
inhibited by the protective layer formed at the meso-
slag/metal interface if stirring is not employed. In other
words, dephosphorization is dependent on agitation to
reduce the inhibition layer. Hence, the agitation by slag
foaming is expected to increase dephosphorization
kinetics. From these previous studies, the solid–liquid
multiphase slag with C2S + M’O dual saturation by
fluxing CaO and/or MgO will be more effective for
higher dephosphorization as well as an efficient slag
foaming practice. As a result, quantitative understand-
ing of the effect of slag foaming on dephosphorization
kinetics is vitally required in future work.

Because M’O saturation slag contains a proper
amount of solid particles (approx. 5 mass pct on average
in the present study), foamy slag is relatively obtained.
Even though fully liquid slag is mainly placed in the
liquid region, the slag nearly reaches the dual saturation
point (Figure 9). It can be expected that a small amount
of MgO by refractory corrosion will be dissolved into
the molten slag to reach the (Fe,Mg)O saturation limit.
In addition, if CaO can be additionally fluxed into the
molten slag, the slag composition can be controlled to

generate C2S + M’O dual solid precipitation with high
basicity. This will result in several advantages during the
EAF process such as an increase of the thermodynamic
driving force in liquid slag for dephosphorization, viz.,
CaO activity (aCaO) and efficient slag foaming practice
by an increase of the apparent viscosity.
In summary, we thermodynamically evaluated the

effect of slag composition at high basicity with solid–liq-
uid multiphase slag with a small amount of M’O
saturation (approx. 5 mass pct solid phase) on the
dephosphorization of molten steel and slag foamability.
It was confirmed that M’O saturation slag is more
favorable for higher dephosphorization than fully liquid
slag due to the high activity of CaO as a thermodynamic
driving force. In view of foamability, the foaming index
as a quantitative concept of slag foaming was clearly
dependent on the temperature and slag composition.
Moreover, foam stability was evaluated by applying a
stability predominance diagram based on the phase
equilibria. Consequently, based on the present findings,
it can be suggested that efficient direction for dephos-
phorization and slag foaming during the EAF process is
to generate basicity having high CaO activity with small
amounts of M’O and C2S solid compounds for dual
saturation.

IV. CONCLUSIONS

The effect of the slag composition under M’O
saturation and fully liquid conditions on dephospho-
rization and slag foamability was evaluated in EAF
plant operation by considering physicochemical prop-
erties of slag and phase equilibria. Our major findings
can be summarized as follows:

1. The thermodynamic behaviors of FeO and P2O5,
which are strongly dependent on slag basicity, i.e.,
CaO/(SiO2 + Al2O3) ratio, can be understood by
considering the activity coefficient of each oxide in
EAF slag, irrespective of the slag conditions, i.e.,
M’O saturation and fully liquid slag. Namely, the
stabilities of FeO and P2O5 are strongly dependent on
the change of basicity as a thermodynamic driving
force.

2. The distribution ratio of phosphorus (LP) clearly
increases with increasing basicity and the average LP

value in M’O saturation slag (LP = 23.9) is about 2.5
times higher than in fully liquid slag (LP = 9.4) due
to higher CaO activity. The phosphate capacity
(CPO3�

4
) shows a good theoretical correlation with

CaO activity on a logarithmic scale, indicating that
the CaO activity as a good basicity index is a key
parameter to increase dephosphorization efficiency.

3. The MgO content in M’O saturation slag, i.e., (pct
MgO)M’O-sat. decreased with increasing basicity and
the MgO content in M’O saturation slag is clearly
distributed beyond the (%MgO)M’O-sat. limit, while
the MgO content in fully liquid slag is under the
(%MgO)M’O-sat. limit. Furthermore, the relationship
between MgO and FeO at a fixed CaO/SiO2 ratio was
considered from the perspective of phase equilibria.

Fig. 9—Distribution of MgO and FeO in the simplified
CaO–SiO2–FeO–MgO (C/S = 1.3 to 1.6) phase stability diagram at
1843 K (1570 �C) and p(O2) = 10�10 atm.
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4. The change of the foaming index obtained in the
present study and Fruehan et al.’s data generally
decreases with increasing C/S ratio up to about
1.0–1.2 depending on the slag composition and it
rebounds with increasing C/S ratio, which is in excess
of the liquidus composition. This behavior is strongly
affected by the slag viscosity. With C/S < 1.2, the
viscosity decreases with increasing C/S ratio but be-
yond a C/S ratio of 1.2, the viscosity that apparently
increases with increasing basicity is affected by the
precipitation of solid compounds, contributing to
increase foam stability. Therefore, a combinatorial
effect of composition and temperature affects the
variation of the foaming index.

5. Consequently, it can be suggested that an efficient
direction for superior dephosphorization and slag
foaming practice during the EAF process is to make
basicity having high CaO activity with small amounts
of M’O and C2S dual phase saturation.
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