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Abstract: The electric arc furnace (EAF) process for steelmaking of Cr and Ni high alloyed stainless
steel grades differs significantly from the steelmaking process of carbon steel due to the special raw
materials and generally lower oxygen consumption. The special slag chemistry in the EAF process
affects slag foaming and refractory wear characteristics due to an increased content of CrOy. A special
slag diagram is presented in order to improve monitoring and control of slag compositions for Cr
alloyed heats, with special focus on saturation to MgO periclase and dicalcium silicate C,S in order to
minimize MgO losses from the refractory lining and to improve slag refining capability by avoidance
of stable C;,S. With the same diagram different EAF process strategies can be efficiently monitored,
either at elevated CaO and basicity with lower spinel concentration and more liquid process slags
near C,S saturation or at lower CaO content and basicity with increased spinel concentration and
stiffer slags at MgO saturation but certainly no C,S stability. Examples for three industrial EAFs
are given.

Keywords: electric arc furnace; stainless steel making; slag modelling; phase diagram

1. Introduction

Some 52.2 million tons of high alloyed and stainless steel grades were produced in 2019,
i.e., approximately 2.8% of total steel production with an increasing trend due to global market
demands. The modern production process is based on melting of steel scrap and alloys in an electric arc
furnace (EAF) and subsequent decarburization and refinement of the molten metal in an argon-oxygen
decarburization (AOD) converter or more rarely by vacuum oxygen decarburization (VOD) treatment.
In a few cases, raw steel is melted from scrap in the EAF and liquid or solid Cr-alloys are added at
the converter.

Production of high-alloyed Cr or Cr-Ni molten metal in the EAF introduces additional metallurgical
constraints to EAF process conditions. As oxidation of C and Cr in the molten metal occurs at very
similar oxygen activities, special care is needed to minimize Cr losses, especially during oxygen
injection in the EAF. Cr oxidation increases at depleted C concentration. The amount of injected oxygen
in the EAF is usually lower than 15 m3/t compared to levels of between 25 and 40 m3/t for EAF carbon
steelmaking, and up to 50 m%/t for hot metal refining in LD converters. As consequence, the mixing of
the steel melt in the EAF is insufficient and concentration gradients of C, Si and Cr may occur in the
melt volume. Temperature gradients caused by low bath movement and formation of (Mn,Mg)Cr,O4
spinels may contribute to unwanted bottom build-up of the EAF hearth. Active mixing of the melt
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volume by inert gas bottom stirring or electromagnetic stirring is state-of-the art for the majority of
EAFs for stainless steel grades.

The ratio of the relevant Cr oxides in the slag, CrO and Cr,O3, depends on temperature and oxygen
partial pressure. In this paper, we use Cr,Oj3 as a synonym for both Cr oxides in the slag, due to the
dominance of Cr,O3 species at low oxygen partial pressure in the molten metal. An option to control
Cr oxidation and to decrease Cr losses in the EAF is by keeping elevated C and Si levels in the steel
melt by decreased oxygen injection [1] and mixing of the steel melt with the Cr,O3-bearing slag during
tapping. High slag basicity, and pronounced mixing dynamics during tapping via spout is known to
improve CrpO3 reduction [2]. In case of elevated final Cr,O3 concentrations, reducing agents as FeSi,
C, or Al may be added before tapping in order further reduce Cr,O3 and to liquefy the oversaturated
stiff slag by lowering the basicity of slag. Procedures for the optimum Cr recovery are still under
discussion. For example, the combination of FeSi and carbon as reducing agents have been shown
the best results on final Cr,O3 content of the slag [3]. Mees, however, found best efficiency of Cr,O3
reduction with Al addition [4]. In the 2-step (duplex) stainless steelmaking process, the remaining
carbon levels after EAF tapping are further decreased in the AOD converter by submerged injection
of oxygen, which is later diluted with inert gases in order to control formation of Cr,O3 by lowering
oxygen activity in the steel melt and slag. In the VOD, decarburization at controlled Cr,O3 formation
is achieved by inert gas stirring at decreased atmosphere pressure.

The CryO3 levels in the EAF slag affect significantly the process conditions: due to the low CryOs3
solubility in basic EAF slag, the precipitation of Cr,O3-bearing solids occurs and results in an increase
of effective slag viscosity. High slag viscosity and lower amounts of CO gas due to restricted oxygen
injection inhibit efficient slag foaming [1]. Chosen slag composition is often at basicity (CaO/SiO,) < 1.5
in order to increase CryOj3 activity, but optimum basicity for foaming stainless steelmaking slag is in the
range of 1.5 to 1.6 [5]. The resulting lower efficiency of energy transfer from the arc to the molten metal
is one reason for the generally higher specific electrical energy demand for stainless steel steelmaking.

Remaining Cr,O3 content in the glass phase of the cooled slag restricts significantly the utilization
of stainless steelmaking slag as the construction or landfilling materials due to environmental impact
by Cr¥!leaching. Controlling the chemical composition of the slag at tapping is one option to fix the
Cr components in (Mn,Mg)Cr,Oy spinels [6,7]. Stability of Cr spinels may be further increased in the
form of (Mn,Mg,Fe)(Cr,Al),O4 by addition of Al,O3 [8] and FeO [9].

Reduction of Cr-rich slags and dusts by coke has been tested on a pilot scale in a separate shaft
furnace or a bottom-blown converter [10], however with limited commercial success due to additional
heat requirements for slag treatment.

Whereas dicalcium silicate (2CaO-S5i0,, C,S or larnite) is not stable in EAF slags for
carbon-steelmaking due to the high concentration of FeO in slag (typically, 15% to 35% FeO), a C,S
phase may be stably formed in stainless steelmaking slags due to low FeO (< 5%) and addition of
FeSi as Cr,O3 reducing agent. C,S in the slags after tapping, however, cause the disintegration of the
solidified slag, mainly due to its  to y-C;,S phase transformation with approximately 12% volume
expansion. Secondary slag treatment with elevated cooling rate > 5 K/s, or borate addition to the slag
was proposed to stabilize the 3-C,S phase and to avoid the disintegration [11]. However, control of the
proper slag chemical composition before and at tapping to avoid the C,S formation is a cost-efficient
strategy in order to increase the valorisation of the stainless steel slag.

The chemical composition of EAF slags is usually monitored by sampling and plotting the analysis
results in simplified diagrams that are widespread for carbon steelmaking, e.g., [1,12]. Formation of
C,S should be carefully monitored in order to improve valorisation of the stainless steelmaking slags
at low FeO. Although the slag chemistry is very important to improve the refractory life time and
valorisation of stainless steelmaking slag, no comparable tools exist for stainless steelmaking slags due
to considerably more complex phase relations at low FeO concentration in the Cr,O3-bearing system.

In the present study, we will demonstrate that the multicomponent phase diagrams calculated
from FactSage thermodynamic software [13] are very valuable for the purpose of monitoring stainless
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slag chemistry. The plant data from three different EAF operations will be compared with the calculated
diagrams and the impact of the slag chemistry to operation and valorisation of slag recycling will
be discussed.

2. EAF Slag Characteristics at High Cr Steel Melts

EAF slags for melting of Cr stainless steel grades are based on addition of lime (and sometimes
dololime or clinker) and characterized by varying Cr,O3 concentrations up to 20 wt.%. As Cr,O3
saturation in the slag is already achieved at few wt.%, these slags are often heavily over-saturated
with Cry O3 and/or MgO-bearing solids and therefore difficult to foam. Increasing the typical slag
basicity from 1.2-1.5 to 1.5-1.6 increases the foaming index for stainless slags [14]. Typical mean slag
compositions at tapping stage from three modern stainless steel EAFs are given in Table 1 and Figure 1.
As the EAF tapping process contributes to Cr,Os recovery from the slag and adjusts slightly the slag
basicity, the slag samples have been taken from the transport ladle shortly after tapping. Slag analysis
have been provided by plant laboratory with standardized equipment.

Table 1. Average slag compositions at the tapping stage of three EAFs for stainless steel production

(in wt.%).
EAF MgO CaO FeO AlLO; SiO, MnO Cr,O3 TiO, Total Basicity
1 14.9 33.8 1.47 6.01 32,5 3.55 5.94 1.73 100.0 1.041 1.262
2 74 43.0 n.a. 4.34 314 n.a. 7.19 1.30 947 1371 1412
3 10.2 39.3 1.47 4.65 30.4 2.78 9.05 1.33 992 131! 1412
4[5]%  3.08 444 2.29 5.64 28.3 269 1013  na. 965 1571 1402
5 [14] 7.0 474 1.2 4.6 31.7 2.3 47 0.8 99.7 151! 1502

1 basicity CaO/SiO,, 2 basicity (CaO + MgO)/(SiO, + Al,O3), 3 at EAF before tapping, n.a.: not available.
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Figure 1. Variation of the Cr,O3 concentration in stainless steel slags with CaO content at tapping.

FeO content is low due to low Fe activity in ferrochromium melts. Average Cr,Os; content
ranges from 6 to 9%, CaO from 34 to 43% (Table 1). Cr,O; concentration for all three cases is
inversely proportional to CaO concentration (Figure 1) which can be explained by the increase in
Cr, 03 activity coefficient with increasing basicity, i.e., either CaO/SiO, [15] or (CaO + MgO)/(5iO, +
Al,O3) [16]. No significant correlation was found between CaO and MgO or SiO;. Based on CrOy
activity measurements in the system CaO-5iO,-CrOy, slag basicity at 1.37 was recommended for the
optimum decarburization at high CrOy activity [15] with matches with average basicity of EAF 2 and 3
(Table 1). Al,O3 does not significantly affect Cr,O3 activity coefficient at typical slag compositions [16].

The average basicity CaO/SiO, after FeSi addition at tapping is in the range 1.0 to 1.4, in order to
minimize Cr,O3 formation by high Cr,Oj3 activity in the slag. Lower basicity at tapping, e.g., by FeSi
addition, improve mixing with steel melt at tapping. Concerning the Cr leaching of the solidified slag
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on the other hand, basicity at 1.5 that has been examined as the optimum basicity for Cr,O3 bound in
spinel with minimum Cr leaching [7]. Basicity < 1.5, however, facilitates the growth of spinels [5] and
increases the enrichment ratio of Cr,Oj3 in the spinels [17].

The decreasing Cr,O3 with CaO concentration indicates the reduction of Cr,O3 with lime addition,
i.e., increased CryOj3 activity at high basicity as shown in thermodynamic simulations of the stainless
steel production process for a 110 t EAF [18]. These simulations have been performed with FactSage [13].
FactSage contains the database validated for the CaO-MgO-Al,O3-CrO-Cr,O3 system [19,20] with
experimental results on phase relations of periclase, (Cr,Al);O3, Mg(Cr,Al),O4 spinel, C,S and oxide
liquid in both oxidizing and reducing conditions.

3. Modelling

3.1. FactSage and Database

FactSage thermodynamic software 7.3 version contains many thermodynamic databases for
pyrometallurgical applications. For the stainless steelmaking, FACTPS pure substance compound
database, FTOxid database and FSStel database (or FTmisc-FeLq database) can be used. In particular,
the FTOxid database contains many large solution phases. For example, oxide solution phases
important for the present stainless steelmaking process calculations are available in the database:

(i) Liquid Slag: CaO-MgO-5i0;-Al,03-FeO-Fe; O3-MnO-Mn; O3-CrO-Cr, O3-5-P-F-etc.

(ii) Spinel phase: (Mg,Fe,Mn,..)[Cr,AlFe,..],04

(iii) Monoxide phase: MgO-CaO-FeO-MnO rocksalt phase with a small solubility of Al,O3, Cr,O3, etc.
(iv) Dicalcium silicate phase: Ca,SiO4-rich solution phase, (Ca,Mg,Fe,Mn),SiO;, solid solution

(v) Corundum phase: (Cr,ALFe),O3

(vi) Olivine phase: (Mg,Mn,Fe,Ca),SiO; solid solution

The details of the thermodynamic database can be found elsewhere [21] and the most recent
information is available on the FactSage website (www.factsage.com).

3.2. Modelling of Cr-Bearing Slags

Thermodynamic calculations based on phase equilibrium approach with FactSage [13] have
been applied in previous studies in order to model the evolution of the process slag in stainless
steelmaking [18]. Simulation results reproduced the observed slag microstructures [22]. The main
phases during the second half of the EAF process are Mg(Cr,Al),O4 spinel, calcium silicates (C,S, C35)
and oxide liquid depending on slag temperature. The oxygen partial pressure was increasing with
melting time and finally in the range of P(O,) = 10~ atm with good prediction of the tapped steel
composition [9].

Cr-bearing slags from the AOD converter have been successfully modelled with phase equilibrium
calculations showing equilibrium of MgCr, O, spinel solid solution and C,S with the oxide liquid
at tapping [6]. An updated database has been validated with new phase equilibrium data in the
Cr-bearing slag system [23].

The phase equilibrium diagrams in the system CaO-5i0,-MgO-Al,O3-Cr,O3 at temperatures
from 1500 °C to 1800 °C are calculated in Figure 2 using FactSage [13]. Both Al;O3 and Cr,O3 are fixed
to be 5 wt.%, which are corresponding with typical compositions of EAF slags for stainless steelmaking
in Table 1. Oxygen partial pressure was set to be 10" atm for the calculations following the preceding
studies [18,20,23]. Cr can change its oxidation state between +2 and +3 in both solid and liquid state
depending on the oxygen partial pressure. Therefore, the proper oxygen partial pressure for the target
process is important in the phase diagram calculations. As the final period of the EAF process with low
Cr,0O3 content is the most interesting for the C,S stability in the tapped slag, the phase assemblages
were calculated for the CaO-MgO-SiO,-5% Al,O3-5% Cr;O3 at P(O;) = 107? atm in this study.
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Figure 2. Calculated phase diagrams of the CaO-MgO-Si02-5% Aly03-5% Cr,O3 at P(O,) = 10~ atm.
(a) 1500, (b) 1600, (c) 1700 and (d) 1800 °C by FactSage (reproduced from [13], with permission from
authors, 2016) Oliv = Mg,SiOy-rich olivine solution, Sp = Mg(Cr,Al), Oy spinel solution, C2S = Ca,SiOy
solution, MgO = MgO-rich solution, CaO = CaO-rich solution, C3MS2 = CazMgSi,Og, Cor = (Cr,Al);O3
corundum solution. Thick red lines represent the MgO-rich solid saturation line. It should be noted
that the axis of Gibbs triangle diagram is re-normalized in term of CaO + MgO + SiO, = 100 wt.%.

It is important to realize that slag compositions with SiO, < 25% are not relevant for stainless
steel slags (Table 1). Therefore, the complex phase assemblages with SiO, < 25% in Figure 2 are of
lower importance. Saturation lines of MgO (thick red lines in Figure 2) are important in order to
minimize corrosive wear of the MgO-based EAF hearth lining and sidewalls of EAF, ladle or AOD by
approaching aygo = 1. It is interesting to note that the MgO saturation line is rather robust against
temperature (Figure 2) and also against variations of oxygen activity. This behaviour is very similar to
the MgO saturation in the system MgO-CaO-FeO-5iO; for carbon steel slags [12]. The MgO level of the
slag depends on the addition of MgO-bearing slag former besides lime, e.g., doloma. At significantly
undersaturated MgO slag composition, the dissolution of the MgO hearth lining may increase the
MgO content of the slag until saturation is achieved. The saturation field of C,S is important in order
to control the C,S component in the cooled stainless steel slag. According to the calculated diagram,
Mg(Cr,Al),O4 spinel solution appears in MgO-saturation region until 1700 °C. The amount of spinel
solid is about 5 wt.% of the entire slag due to limited amount of Cr,O3 (5%) used in the calculation.
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This means when the slag is MgO saturated, about 5% of solid spinel phase can exist in slag as a
solid phase.

The calculated phase assemblages with varying Cr,O3; content from 3% to 10% at 1600 °C and
1700 °C are presented in Figure 3. In the diagram, only MgO saturation and C,S saturation lines
are plotted in order to see the variation of these saturation lines with Cr,O3 content. The amount of
Cr,0O3 influences the amount and stability of Mg(Cr,Al),O4 spinel, but the saturation lines of MgO and
C;S are rather robust against Cr,O3 variations. Variations of Al;O3 on the saturation lines are of less
importance as the range of Al,O3 compositions is close to 5% in stainless steelmaking slag (4% to 6% in
Table 1).

3% Cr,0,
5% Cr,0,
10% Cr,0,

——— 3%Cr0,
——— 5%Cr0,
10% Cr,0,

MgO 9 8 70 60 50 40 30 20 10 Ca0 Mgo 9 80 70 60 50 40 30 20 10 Ca0o
weight percent weight percent
(a) (b)

Figure 3. Calculated MgO and C,S saturation lines of the CaO-MgO-5i0;-5% Al,O3-CryO3 system
with 3% to 10% CryOj at P(O,) = 10~ atm. (a) T = 1600 °C and (b) 1700 °C.

4. Results: Application to Slag Analysis Data from Stainless Steelmaking

As shown in the previous sections, the phase diagrams in Figures 2 and 3 can be applied with
reasonable precision to the analysis of EAF slag data at tapping that show a range of Cr,O3 between
3% and 10% at typical tapping temperatures between 1600 °C and 1700 °C. In contrast to the MgO and
C,S saturation lines, the portion of Mg(Cr,Al);O;4 spinels and (Cr,Al),O3 depends more sensitively
on temperature and oxygen activity. However, details about the amount of spinels in the slag, i.e.,
the saturation degree, are of less importance here because these EAF process conditions (temperature
distribution, oxygen fugacity) are still difficult to measure in the EAF and to control or adapt at a given
EAF design.

As mentioned above, MgO saturation line in the slag system is important for the corrosion of
MgO-based refractory in stainless steelmaking process. In order to monitor the saturation of MgO
periclase and C,S at tapping temperature, i.e., 1600 °C to 1700 °C, the phase diagram in Figure 3 can be
used. Slag compositions from three stainless steelmaking EAFs are plotted in Figures 4-6. It should be
noted that these 3 EAFs have different process strategies.
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Figure 4. Slag compositions at tapping from EAF 1 versus saturation lines of MgO and C,S. Saturation
lines are calculated by FactSage (reproduced from [13]) in the system CaO-MgO-SiO,-5wt.Al,O3-3~10
wt.CrpO3 at 1600 °C and 1700 °C (see Figure 3).
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Figure 5. Slag compositions at tapping from EAF 2 versus saturation lines of MgO and C,S.

Saturation lines are calculated by FactSage (reproduced from [13]) in the system CaO-MgO-SiO,-
5wt.Al;O3-3~10wt.CrpO3 at 1600 °C and 1700 °C (see Figure 3).
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Figure 6. Slag compositions at tapping from EAF 3 versus saturation lines of MgO and C,S.
Saturation lines are calculated by FactSage (reproduced from [13]) in the system CaO-MgO-SiO,-
5wt.AlyO3-3~10wt.Crp O3 at 1600 °C and 1700 °C (see Figure 3).

5. Discussion

The EAF slags of this study are over-saturated with spinel phase (that is, spinel solids are floating
on liquid slag). Most of the slags are saturated with MgO periclase or are close to periclase saturation.
This is expected due to MgO addition with dololime and dissolution from the MgO hearth and sidewall
lining depending on slag temperature and process time, which is very similar to carbon steelmaking
slags in the very different system CaO-MgO-5iO,-FeOy [12]. The information about the portion of MgO
oversaturated or undersaturated slags at tapping can be used to adjust the input of magnesia-bearing
slag formers in order to minimize corrosion of the lining and specific refractory costs, and to maximize
lining lifetime.

Published slag diagrams for carbon steelmaking slags (e.g., isothermal stability diagrams [1] or
phase equilibrium diagrams [12]) are not appropriate for Cr stainless steelmaking due to the different
FeO content. The proposed diagram in Figures 4-6 can be applied at the stainless steel plants in order
to monitor the slag operation, to check strategy of slag operation and to adjust slag former addition.

The comparison of three EAF operations in Figure 4 to Figure 6 clearly shows that the slags are
quite different in terms of C,S saturation. The monitor and control of the EAF slag compositions to C,S
saturation is manageable because the slag composition with respect to CaO, SiO,, and MgO can be
determined from raw material input and mass balance calculations. The C;S saturation is important
for the refining capacity of slags, but it can cause the disintegration of solidified slag.

EAF 1 is operating at the MgO saturation but with a clearly defined distance to C;,S saturation
which represents a valorised use of the tapped EAF slag (Figure 4). This is achieved by a rather low CaO
level and CaO/SiO; basicity (1.04, Table 1). However, the Cr,Oj3 activity is kept a high level by applying
an increased MgO input in order to keep sufficiently high (CaO + MgO)/(S5iO; + Al,O3) basicity (1.26,
Table 1). Increased MgO input also helps to minimize corrosion of the magnesia refractory lining.

EAF 2 operates at lower spinel saturated levels and with a clearly increased amount of oxide
liquid, i.e., with better foaming slags, but very close to C,S saturation (Figure 5). Remarkably, the
slags of EAF 2 are not MgO saturated. This corresponds to a doloma hearth lining (as alternative to a
magnesia lining), which shows minimum corrosion with CaO-rich slags. The C,S saturated slag can
be disintegrated during the solidification, and it would be most probably dumped [11]. Therefore,
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this disadvantage of the C,S saturated slag is balanced by a cost-effective doloma hearth lining in
combination with an EAF process slag with improved foaming index.

EAF 3 is operating with a significantly larger variation in slag compositions ranging from C,S
saturated slags to MgO-oversaturated slags far from C,S saturation (Figure 6). The large variation
in slag composition indicates lower process control on raw materials and EAF process conditions.
Also the large portion of MgO undersaturated slags at tapping is subject to improvement. Measures to
increase the process control of EAF no. 3 with focus on the slag composition can also be efficiently
monitored by the given slag diagram in Figures 4—6.

The distribution of the analysed slag compositions at tapping with respect to the MgO and C,5
saturation diagrams is more informative than the average value of the samples, because even some
portions of heats with inappropriate slag control may increase wear rate of the lining or affect the
capability of EAF slags for deposit in accordance with environmental regulations.

6. Conclusions

Control of the slag composition at EAF tapping of Cr-bearing stainless steel grades is crucial in
order to minimize corrosion of the EAF hearth lining and keep the slag viscosity in a feasible range
for slag foaming. In addition, it is important to maximize the valorisation of stainless steel slag by
the stabilization of CrOy in spinels, and to minimize the amount of C;S for deposit characteristics in
agreement with high environmental standards.

We present a simplified diagram to monitor slag compositions in EAF stainless steelmaking
with focus on saturation figures with MgO and C,S. The diagram was calculated for typical slag
compositions in the system CaO-MgO-5iO;-Al,O3-Cr,Oj3 at tapping conditions using FactSage software
and database.

Depending on given EAF process strategy, the control of slags near or at the C,S saturation or
with a distinct distance to C,S formation can be monitored and improved. In case of magnesia based
EAF hearth linings the MgO saturation figures of the slags can be efficiently monitored and optimized
for minimum refractory wear and maximum lining lifetime with the same diagram.
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