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Abstract: The viscosities of the industrial basic oxygen furnace (BOF) slag with varying compositions
of MgO, Al2O3, TiO2, and MnO were continuously measured at a temperature range between 1400
and 1700 ◦C using the rotating bob method. Three characteristic temperatures for the melting behavior
of the BOF slag were investigated using a high-temperature microscope. The solid fraction of the
slag was calculated by FactSage 7.2 using the FTOxid database. General observations from the
experimental data show that the increase in MgO tends to increase viscosity. However, Al2O3, TiO2,
and MnO decrease viscosity up to a certain level, and beyond that, they also increase the viscosity.
The measured values of the viscosity of BOF slags were compared and discussed with known data
from the literature. Finally, the activation energy of BOF slags with different compositions of MgO,
Al2O3, TiO2, and MnO was calculated in the temperature range of industrial operations.
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1. Introduction

The growing industrialization has paved the way for a tremendous increase in iron and steel
production. This has also given the rise the large quantity of the slag. Slag—the by-product of the
iron and steel industry—has several functions namely, (1) desulfurization, (2) dephosphorization,
(3) separation of the non-metallic inclusions, (4) removal of the tramp elements, and (5) minimization
of the heat loss. Slags from the iron and steel industry are usually classified as blast furnace (BF)
slag, basic oxygen furnace (BOF) slag, electric arc furnace (EAF) slag, secondary metallurgical slag
(ladle slag), tundish slag, and mold powder. The chemical composition of the metallurgical slags
varied with respect to the steel grades produced, the input materials, and the purpose of treatment.
All the metallurgical processes that occur between the slag and the liquid metal are dependent on their
thermophysical properties such as viscosity, density, and surface tension. Thus, it becomes crucial to
study these properties beforehand to control the process efficiently.

Various researchers have tried to estimate, predict, or measure the viscosity of slag through
experimental or modeling routes. Several models for predicting the viscosity especially of the
metallurgical slag have been developed in the past; for example, it starts with the earliest available
Urbain model [1] for any slag system, followed by the quasi-chemical viscosity model for fully
liquid slags in an Al2O3–CaO–FeO–MgO–SiO2 system [2], quasi-chemical viscosity model for partly
crystallized and fully liquid slags in an Al2O3–CaO–FeO–SiO2 system [3,4], quasi-chemical viscosity
model for fully liquid slag in an Al2O3–CaO–MgO–SiO2 system [5,6], structurally based viscosity
model for fully liquid slags in a CaO–MgO–Al2O3–FeO–SiO2 system [7], a model based on the optical
basicity [8], model based on a new definition of the basicity ratio close to Bell’s basicity [9], and finally
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the KTH (Kungliga Tekniska Hoegskolan Stockholm) model based on the Eyring equation [10]. All the
above models start with relating the viscosity to the bridging and non-bridging oxygen atoms available
in the respective oxide ion. Kozhukhov has calculated the BOF slag viscosity using the polymer
model [11]. Liu et al. have reviewed and critically assessed the viscosity models of heterogeneous
fluids [12]. Jiao et al. have used the multiphase equilibrium to investigate and report the viscosity
and liquidus temperature of the blast furnace slag as a function of MgO, Al2O3, CaO/SiO2, and FeO
content [13].

The studies related to the viscosity of several FeO-containing oxide systems are available in
the literature. Kondratiev et al. have given a perfect overview of the existing measurements
for the viscosity of FeO–MgO–SiO2, CaO–FeO–MgO–SiO2 and Al2O3–CaO–FeO–MgO–SiO2 oxide
systems. [14]. Most of the viscosity measurements in the past were carried out using the rotating
cylindrical method, with Fe or Mo crucibles, under Ar, N2, or CO/CO2 atmosphere. The viscosity of
synthetic SiO2–FeO–CaO slags was measured as a function of CaO/FeO ratio using the molybdenum
crucibles [15]. The viscosity of CaO–SiO2–Fe2O3–MnO–MgO–Al2O3 slags (CaO/SiO2 = 0.4–1.2) was
measured as functions of iron oxide content and basicity, using the rotating crucible method with
Pt-20Rh crucible, under the ambient air atmosphere [16]. Lee et al. have measured the viscosity of BF
slags (CaO/SiO2 = 1.15–1.6) as a function of FeO [17]. Liu et al. have investigated the influence of V2O3

content on the viscosity of FeO–SiO2–V2O3–TiO2 slags [18]. Huang et al. have reported the effect of
Cr2O3 on the viscosity of CaO–SiO2–FeO–MgO–MnO–Cr2O3 slags [19]. The influence of temperature,
slag basicity, and Cr2O3 content on the viscosity of stainless steelmaking slags has been experimentally
determined by Liu et al. [20]. The viscosity of FeO-containing nickel slag was investigated as a function
of FeO/Al2O3 ratio and of Al2O3/SiO2 ratio by Zhang and co-workers [21,22]. The influence of TiO2

content between 5 and 15 wt% on the viscosity of the BF slags was investigated by Jiao and co-workers,
using the rotating viscometer. Thereby, the viscosity of investigated BF slags decreases with increasing
TiO2 content [23,24]. The viscosity of BF slag was examined as a function of TiO2 and Al2O3 content
in [25] and as a function of MgO and Al2O3 in [26,27].

BOF slags differ from all other iron or steelmaking FeO-containing slags due to their high FeO
content and high CaO/SiO2 ratio. Only five studies exist that are related to the viscosity of the BOF
slags or slag with the compositions close to that of BOF slag, which are reported in the literature [28–32].
The viscosities of highly basic synthetic slags (CaO–SiO2–FeO–MgO and CaO–SiO2–FeO–Al2O3–MgO)
were measured using a rotating viscosimeter in Pt-12 mass%Rh crucible in order to prevent the
contamination of slags by crucible materials. Thereby, the influence of a solid fraction on the viscosity
was examined [28]. The viscosity of highly basic CaO–MgO–SiO2–Al2O3–FeO synthetic slag was
measured as functions of FeO and Al2O3 contents using the rotating cylinder method [29]. The viscosity
of heterogeneous industrial BOF slag containing 2.37–2.41 wt% of MgO, and content of P2O5, MnO,
V2O5, Cr2O3, and TiO2 that is typical for the BOF process level was measured using the rotational-type
viscometer with a molybdenum crucible under the argon atmosphere. The new parameters of
the Einstein–Roscoe equation for the relative viscosity calculation were found using the viscosity
simulations in FactSage [30]. Liu et al. examined further the industrial BOF slag viscosity as functions
of added SiO2 and Al2O3 content, in the temperature range between 1500 and 1700 ◦C. It was found that
Al2O3 and SiO2 lead to a decrease in the fraction of solid phases, thus decreasing the viscosity. At the
same time, they also increase the viscosity by the formation of a network [31]. Liu and co-workers,
in their further research, observed the BOF slag crystallization behavior in situ at high temperatures
using a confocal laser scanning microscope. The results have shown that the abrupt increase in the
viscosity occurs only when the crystal fraction exceeds a critical volume fraction of solid. The critical
solid fraction varies between 0.33 and 0.51 for the investigated slags [32].

The viscosity tests were also carried out along with structural analysis after the viscosity
measurements of the cold quenched slag samples. Three crystalline phases—namely Fe2TiO4, Fe2SiO4,
and FeV2O4—were found in FeO–SiO2–V2O3–TiO2 slag, using XRD [18]. Liu et al. used scanning
electron microscope with energy-dispersive X-ray spectroscopy SEM/EDS in order to evaluate the
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quantity of secondary phases, e.g., spinel particles, during the viscosity measurement of the stainless
steelmaking slags [20]. The structure of FeO-containing nickel slag was analyzed by Fourier transform
infrared spectroscopy (FTIR) and Raman spectroscopy in [21,22]. The effect of TiO2 and FeO [24],
TiO2 and Al2O3 [25], and MgO and Al2O3 [26,27] on the structure of BF slag was investigated using
FTIR and Raman analysis. In [29], the effect of Al2O3 and FeO contents on the structure of highly basic
CaO–MgO–SiO2–Al2O3–FeO slag was also analyzed using FTIR.

The viscosity studies are reported along with the thermodynamic simulations using Factsage.
The phase diagrams of SiO2–FeO–CaO [15], SiO2–FeO–TiO2 [18], and SiO2–CaO–MgO–Al2O3–FeO–
TiO2 [23] were calculated. The effect of Cr2O3 content on the amount of liquid and solid phases present
in CaO–SiO2–FeO–MgO–MnO–Cr2O3 slags was reported in [19]. The solid fraction of highly basic
slags was calculated in [28]. The calculated volume fraction of solid or the BOF-slags was reported
in [30,31].

Chemical analysis of the slag samples after the viscosity measurements was performed only
in [17,28], and only Fe was analyzed in [21,22,24]. The non-linear relationship of the natural logarithm
of viscosity with respect to inverse of the temperature from the data was reported in [23,33]. It is
important to mention that the results of the continuous viscosity measurements were reported only
in [23,32].

Recently marketed and currently developed lightweight steels, which can feature TRIP/TWIP
(Transformation Induced Plasticity/Twinning Induced Plasticity) effects and possessing stainless
properties, often contain more than 20% of Mn along with up to 10% of Al [34,35]. These steels are gaining
a growing market share in the field of construction and automotive industries. However, considering the
enrichment of MnO, Al2O3, and TiO2 in the slag owing the recycling of modern steels in BOF converters
or electric arc furnaces, it will lead to a considerable change in the chemical compositions of the
converter slag and thus a change in their properties, which is not much explored in the presently
available literature.

In present work, the flow behavior and the viscosity of the heterogeneous highly basic BOF
slag are being examined considering the effect of temperature, MgO, Al2O3, TiO2, and MnO content.
Thereby, the industrial slag from an integrated steel plan was taken as the base of all the slag mixtures.
The flow behavior of the slags was investigated using the high-temperature microscope. The viscosity
of slags during 10 ◦C/min cooling was continuously measured using the rotating bob rheometer.
Experimental investigations were accompanied with the thermodynamic simulation using FactSage
7.2. Thereby, the solid fraction of the investigated slags and liquidus temperatures was also calculated.

2. Materials and Methods

An industrial BOF slag from an integrated steel plant was used to investigate the viscosity of
the BOF slag. This slag was taken as the basis slag and was designated as P1. The slag was ground
up and mixed with the aim of achieving the homogenization of chemical composition (see Table 1).
Thereby, the chemical composition analysis was converted to FeO. The basicity of this slag is about
4.2 (CaO/SiO2). In order to investigate the influence of MgO, MnO, Al2O3, and TiO2 content on the
viscosity of BOF slag, the respective pure oxides were added into the industrial slag P1 and were
ground and mixed again, as shown in Table 2. The selected oxide additives do not cover all possible
chemical compositions of the slag in the case of perspective scrap from TRIP/TWIP steels, which are
and will be, in fact, country-and factory-specific; however, they correlate with the average scrap and
lime rates typical to that of the BOF process.

Table 1. Chemical analysis of investigated industrial slag [mass%].

Slag CaO SiO2 FeO MgO Al2O3 MnO Cr2O3 P2O5 TiO2

P1 52.16 12.39 24.64 2.08 2.10 3.23 0.36 2.21 0.83
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Table 2. Investigated basic oxygen furnace (BOF) slag and calculated liquidus temperature [◦C].

Slag Addition Liquidus Temperature

P1 P1 1771.3
P11 P1 + 3 mass% Al2O3 1655.4
P12 P1 + 9.3 mass% Al2O3 1274.2
P13 P1 + 0.4 mass% TiO2 1757.9
P14 P1 + 1.8 mass% TiO2 1709.8
P15 P1 + 5 mass% TiO2 1589.5
P16 P1 + 1 mass% MnO 1779.0
P17 P1 + 7 mass% MnO 1813.0
P2 P1 + 6.5 mass% MgO 1864.8

P21 P1 + 6.5 mass% MgO + 3 mass% Al2O3 1832.3
P22 P1 + 6.5 mass% MgO + 8 mass% Al2O3 1768.1
P23 P1 + 6.5 mass% MgO + 1 mass% TiO2 1853.0
P24 P1 + 6.5 mass% MgO + 5 mass % TiO2 1834.1
P25 P1 + 6.5 mass% MgO + 1.9 mass% MnO 1856.5
P26 P1 + 6.5 mass% MgO + 6.8 mass% MnO 1852.1

In order to assure the target liquid surface level between 30 and 35 mm in the molybdenum crucible
(inner diameter 20 mm, and inner height 60 mm), the mixtures were premelted under the Ar-gas
atmosphere before the viscosity measurements. The chemical analysis of the slag samples was carried
out before and after the viscosity measurements using a X-ray fluorescence spectrometer Bruker AXS S8
Tiger (XRF) (Bruker AXS GmbH, Karlsruhe, Germany). The basicity of the slags remained unchanged
at 4.2. The liquidus temperature of investigated slag samples was calculated using FactSage7.2 (FactPS,
FTOxid, all “Base-Phase”) (Thermfact/CRCT Montreal, Canada and GTT-Technologies, Aachen,
Germany).

The slag was mixed uniformly and compacted into cylindrical samples of 5 mm diameter
and 5 mm height for the investigation of melting behavior in the high-temperature microscope.
The high-temperature microscope detailed description and experimental procedure can be found
elsewhere [36]. The experiments were carried out under argon atmosphere. The softening,
semi-spherical, and flow temperatures of the slags were defined according to the German standard
DIN 51730 [37,38]. Some studies in the past have assumed that the flow temperature is the melting
or liquidus temperature of the slags [37], by which the solid slag has been completely melted to the
liquid state, which is not the case. Flow temperature is considered as the temperature at which even
the heterogeneous slag begins to flow.

The experimental procedure of the viscosity measurements used in the present work is the
same as that described in the previous works reported in [39,40]. The sample was heated in the
induction furnace via indirect heating using the graphite susceptor to the target temperature at a
rate of 18–20 ◦C per minute in order to prevent the boiling of the slag. Then, it was kept for at least
30 min at this temperature to achieve homogenization of the sample. The procedure of the slag
surface level estimation is executed during the holding time: slow immersion of the rotating bob
into the crucible with simultaneously recording the torque using the magnet head of the rheometer
MCR 301 (Anton Paar GmbH, Graz, Austria). After attaining the contact with the liquid slag surface,
the necessary immersion depth of the rotating bob was calculated, and it was placed at the target
height. The viscosity of the sample is measured in the cooling mode at the rate of 10 K/min until the
solidification of the sample has started. The bob was rotated at 30 rpm. All these procedures of heating,
holding for 30 min, and subsequent cooling are repeated 3 times. The inner volume of the furnace
is flushed with argon during the experiment in order to keep the oxidation of the crucible, the bob,
and the sample to the minimum possible extent. Temperature is controlled using the arrangement of
two B-Type thermocouples attached to the bottom and the top of the Mo crucible.
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3. Results and Discussion

3.1. Liquidus Temperature and Melting Behavior

Table 3 shows the measured softening, semi-spherical, and flow temperatures of the BOF
slags using a high-temperature microscope according to DIN 51730 [38]. The calculated liquidus
temperature, as shown in Table 2, and the three measured temperatures increase with the addition
of MgO. The additions of Al2O3 between 3 and 9 mass% significantly lowers the characteristic
temperatures of the investigated slags. That means that the characteristic temperatures decrease
approximately linearly with the amount of Al2O3. At the same time, the Al2O3 reduces the liquidus
temperature and melting temperatures of the slag with 2 mass% of MgO more effectively than for the
slag with 8 mass% of MgO. The additions of TiO2 between 1 and 5 mass% decrease the characteristic
temperatures of the slag with 8 mass% of MgO, implying that the influence of TiO2 is weaker than that
of Al2O3. The characteristic temperatures of the slag with 2 mass% of MgO decreases with additions of
TiO2 up to approximately 2 mass%, and they increase again with the further additions. A possible
cause can be the formation of 3CaO*2TiO2, which is also confirmed by the calculation of a solid fraction
using FactSage 7.2. The melting behavior of MnO-containing slag with 2 mass% of MgO shows that
addition of 1% more MnO led to higher characteristic temperatures of the sample, while the addition
of 7% MnO did not show a significant further increase. In the case of slag with 8 mass% of MgO,
the characteristic temperatures first rose at 2% additional MnO, while significantly decreased when 7%
of MnO was added.

Table 3. Measured softening, semi-spherical, and flow temperatures of the BOF slags.

Slag

Softening Temperature [◦C] Hemispherical Temperature [◦C] Flow Point Temperature [◦C]

Average Standard
Deviation Average Standard

Deviation Average Standard
Deviation

P1 1200 0.76 1311 4.24 1338 5.66
P11 1177 8.89 1268 4.16 1311 1.53
P12 1068 13.20 1094 13.58 1145 19.70
P13 1187 3.61 1299 4.04 1324 1.00
P14 1029 3.21 1113 9.00 1149 8.54
P15 1214 5.13 1248 4.16 1282 11.14
P16 1353 14.14 1398 21.22 1408 7.07
P17 1381 4.95 1405 12.02 1418 13.43
P2 1414 6.70 1473 8.20 1489 7.6

P21 1371 16.20 1419 7.00 1438 4.40
P22 1285 2.60 1334 0.56 1390 0.60
P23 1388 6.80 1441 7.80 1459 5.20
P24 1346 6.70 1385 6.10 1409 6.10
P25 1453 2.82 1500 1.41 1515 0.71
P26 1407 4.94 1441 4.95 1453 4.94

Another influence of TiO2 and Al2O3 on the BF slag is known from the literature. Jiao et al. [13]
reported that the liquidus temperature of BF slag decreases first with an increase of Al2O3 up to
12–14 wt% of Al2O3, reaches a minimum, and then continues to increase with the further increase
in Al2O3 content higher than 12–14 wt%. The optimum value of Al2O3 content depends on the
MgO, FeO, and basicity [13]. The influence of TiO2 content between 5 and 15 wt% on the melting
behavior and viscosity of the BF slags was investigated by Zhang et al. using the high-temperature
microscope [23]. It was estimated that the initial melting point temperature, softening temperature,
and flowing temperature of BF slag increases with any increase in the TiO2 content.

3.2. Fraction of Solid

The calculated liquidus temperature showed that the most investigated BOF slags are
heterogeneous at the examined temperature ranges. Therefore, the solid fraction was calculated using
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the FactSage7.2 database FactPS and FTOxid (all “Base-Phase”), as shown in Figure 1. The undissolved
solid solution of CaO in the slag with 2 mass% MgO, and undissolved solid solutions of CaO and MgO
in slag samples with 8 mass% MgO, were found in the investigated temperature range. The solid
fractions of the slags P1 and P2 at the temperature of 1700 ◦C are 3 and 9 mass%, respectively.
In all the slags without additional Al2O3, at temperatures below 1450 ◦C, the 2CaO*SiO2 phase was
formed. Moreover, with the addition of MnO, the amount of this 2CaO*SiO2 phase in the slag with
8 mass% MgO increases. Calculations with FactSage showed that the addition of Al2O3 prevents the
formation of the 2CaO*SiO2 phase in the studied slags P11 and P12. The TiO2 additions lead to the
formation of 3CaO*2TiO2 at temperatures below 1450 ◦C. The fraction of solids gradually rises as the
temperature decreases.
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According to FactSage calculations, the addition of MnO raises the amount of solid fraction in all
the investigated slags, as shown in Figure 1c. From the literature [41], it is known that MnO with its
contents below 20 mass% does not affect the dissolution and saturation of CaO.

The volume fraction of solid was reported to be calculated using FactSage for the industrial BOF
slag containing 2.37–2.41 wt% of MgO, and levels of P2O5, MnO, V2O3, Cr2O3, and TiO2 typical for the
BOF process. Even at the temperature of 1700 ◦C, this slag had approximately 8.5% of the volume
fraction of solid [30]. The volume fraction of solid in a BOF slag as a function of added SiO2 and Al2O3

is also reported as calculated using FactSage. According to the calculation, solid CaO was present in the
investigated slags in the temperature range from 1550 to 1700 ◦C. It was found that Al2O3 and SiO2 lead
to a decrease in the fraction of solid phases [31]. The mass fraction of solid was reported as calculated
using FactSage for synthetic highly basic CaO–SiO2–FeO–MgO and CaO–SiO2–FeO–Al2O3–MgO slags.
The solid phases found in these compositions were 2CaO*SiO2 and (Mg,Fe)Osolid solutions [28].
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3.3. Viscosity

3.3.1. Comparison with Literature Data

Figure 2 shows the continuously measured viscosity of BOF slags P1 and P2 as a function of
temperature. The measured values were compared with previous studies [28,29,31]. The measured
viscosities are in the same range as the viscosities from the literature.
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The investigated slags do not have exactly the same chemical composition as examples reported
in the literature (see Table 4). The slags differ mainly in basicity, (CaO/SiO2 ratio). If the slags B2–B4
from [28] have a basicity of approximately 6, the basicity of the slags S1 and S2 from [29] is near 3,
and their MgO content is equal to 5 mass%. The S1* slag from [31] has a basicity between 3 and 3.5.
Both the slags investigated in this work, P1 and P2, had a CaO/SiO2 ratio that is equal to 4.2. The P1
and P2 samples differ in MgO content as well, which is approximately 2 and 8 mass% respectively.
Increasing the MgO content in the slag leads to the growth of the solid fraction volume and as a result
increases the viscosity.
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The high basic slags B2–B4 [28] were investigated using a rotating viscosimeter in Pt-12 mass%
Rh crucible and with three different rotating speeds (30, 60, and 100 rpm). The chemical analysis of
slag samples was performed after the viscosity measurement using an X-ray fluorescence spectrometer.
Thereby no significant changes in the composition were observed. The viscosity of slags S1–S2 [29]
and S1* [31] were measured using the rotating cylinder method. The experiments were carried out
in a molybdenum crucible under the argon atmosphere with a constant rotating speed of about
200 rpm [29,31]. The rotation speed of about 30 rpm was set, in the present work, to avoid the vortex
formation in a 4 mm gap between the bob and the molybdenum crucible.
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Table 4. Chemical composition (in mass%) of the reference slags from Figure 3.

[Ref] CaO SiO2 FeO Al2O3 MgO

B2 [28] 46.4 7.8 30.0 3.5 7.8
B3 [28] 49.9 8.3 25.0 3.7 8.3
B4 [28] 53.1 8.9 20.0 4.0 8.9
S1 [29] 48.75 16.25 25 5 5
S2 [29] 48.75 16.25 20 10 5
S1* [31] 42–55 12–18 14–20 (Fet) 0.0–3.0 0.0–5.0

The chemical analysis of the investigated slags in the present work was carried out also after
the viscosity measurements. Unfortunately, strong contamination with molybdenum (10–14 mass%
Momet) from the crucible was also observed. As already mentioned in the Introduction section,
the chemical analyses after the viscosity measurements were checked and reported only in very rare
studies. Thereby, no change or no contamination or minor contamination was previously reported.
It was found that the molybdenum from the crucible was dissolved in the slags during viscosity
measurements of FeO-containing nickel slag (MoO3 concentrations of 0.25–0.52 wt% and 0.25–0.46 wt%
for higher and lower FeO content, respectively) [21,22]. The viscosity curves in our experiments were
repeated several times. The data only from the fresh slags and new crucible were used for reporting in
the present work.

Viscosities of slags P1 and P2 were calculated using the FactSage 7.2, using models Lida [42],
Urbain [43], Riboud [44], and an optical basicity model [8]. A comparison of measured and calculated
viscosities is presented in Figure 3. It can be seen from the comparison that at higher temperatures,
the measured viscosity of slag P1 matches the calculated viscosity with the Lida model. In the
case of slag P2, the measured viscosity overrides calculations with the Lida model and FactSage 7.2.
The models fail when the temperature drops and the solid phase nucleates in the slag. In general,
the calculated viscosity from models is always less than the experimentally measured viscosity.

3.3.2. Influence of Al2O3

Figure 4 shows the viscosity of BOF slags at variable Al2O3 content. In slags with approximately
2 mass% of MgO, Al2O3 increases the viscosity at high temperatures, in the region of liquid-determined
slag, and decreases the viscosity at low temperatures. A similar result was also reported by Liu et al.
for the slag with 0–5 mass% MgO. They found that Al2O3 and SiO2 reduce the viscosity of BOF slags
as long as they lead to a decrease in the fraction of the solid phases, but they raise the viscosity of the
liquid slag by network forming [31].
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In slags with approximately 8 mass% of MgO (P2–P22), Al2O3 reduces the viscosity across the
entire studied temperature range. In the temperatures above 1650 ◦C, the viscosity of the slag with the
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addition of 3 mass% Al2O3 (P21) is the same as that of the slag with the addition of 8 mass% Al2O3

(P22). These results are similar to the results reported by Seok et al. [28].
They also found that the Al2O3 content affected the viscosity of the highly basic slag with about

8–9 mass% MgO more strongly than the MgO content. Furthermore, the slag viscosity exhibits different
behavior with the decreasing temperature, whereas there is no significant difference in the viscosity
values for the temperatures above 1500 ◦C.

3.3.3. Influence of TiO2

Figure 5 shows the viscosity of BOF slags as a function of TiO2. In slags derived from P1, viscosity at
higher temperatures above 1600 ◦C does not depend on the TiO2 content. Furthermore, with a decrease
in the temperature, the addition of TiO2 first reduces and then increases the viscosity. At higher
temperatures above 1650 ◦C, the addition of TiO2 to the slags derived from P2 shows the decrease in
the viscosity. Then, with the decreasing temperature, the viscosity increases with the addition of TiO2.
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There is no information about the influence of TiO2 on the viscosity of BOF slag available in the
literature. It is known from the investigation of viscosity of BF slag that the viscosity of blast furnace
(BF) slags decreases with the increasing TiO2 content between 5 and 15 wt% in the higher temperature
range and concomitantly increases in the relative lower temperature range [23]. It was found that the
viscosity of the BF slag decreases rapidly with the increasing of TiO2 up to 10%; then, it decreases slowly,
when the TiO2 content increases above 10% [24]. Raman spectroscopy and FTIR spectroscopy of these
BF slags in cold state implied that the degree of polymerization of BF slag decreases with increasing
TiO2. Li et al. reported that the viscosity of the BF slag containing 10 mass% TiO2 first increases and
then decreases with increasing Al2O3 content from 10 to 18 mass%, exhibiting the maximum viscosity
at 15% Al2O3, while an increase in TiO2 content from 2 to 14 mass% causes a decrease in the viscosity
of the slag at 12 mass% Al2O3 [25].

3.3.4. Influence of MnO

Figure 6 shows the viscosity of BOF slags as a function of MnO. At high temperatures, the viscosity
of the slag with 2 mass% MgO practically does not change with the addition of MnO. Adding MnO to
slag with 8 mass% MgO reduces the viscosity at high temperatures. With decreasing temperature,
the viscosity of all the studied slags increases with MnO. Calculations with FactSage 7.2 showed that
with the addition of MnO, the solid fraction in the slags increases. For example, at a temperature of
1700 ◦C, the addition of 6.8 mass% MnO to P2 increases the solid fraction from 9% to 13%, and the
addition of 7 mass% of MnO to P1 increases that from 3% to 6.6%. Moreover, with the addition of
MnO, the amounts of (Ca*Mn)O solid solution and (Mg*Mn)O solid solution increase. At the same time,
the amount of CaO in the residual liquid slag decreases, which leads to a decrease in the CaO/SiO2

ratio. For example, the ratio CaO/SiO2 decreases in the residual liquid part of the slag from 4.2 to 3.5
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with an addition of 6.8 mass% in slag P26. It is possible that this decrease in basicity with the addition
of MnO leads to a decrease in the viscosity at high temperature.Metals 2020, 10, x FOR PEER REVIEW 10 of 14 
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3.4. Activation Energy

All the measured slag viscosity was presented as a natural logarithm of the viscosity with respect
to the inverse of temperature in Kelvin (1/T) (Arrhenius plot) to determine the activation energy of the
studied slags. Figure 7 shows an example of this kind of plot. The Arrhenius plot shows that there
are four periods of different behaviors, namely: slow period (I.), rapid period (II.), slow-down period
(III.) and dramatically rising period (IV.). A similar change in the natural logarithm of the viscosity
with respect to the inverse of temperature was presented in the available literature [23,33]. In period
I., most of the investigated slags are heterogeneous, but nevertheless, this period can be defined as
liquid-dominated. Rapid increases of the viscosity values with the decreasing temperature in periods
II. and IV. are believed to be directly related to the crystallization of the slag.
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The activation energy for the studied slags was determined as a slope of the curve only for the
liquid-dominated period I. (Tables 7 and 8). The activation energies of investigated BOF slags were
determined to be 8 to 44 kJ/mol for the composition range investigated, and they increase with the
increasing MgO concentration and decrease with the increase in Al2O3, TiO2, and MnO content.

Table 7. Activation energies for the BOF slags with 2% MgO [kJ/mol].

P1 P11 P12 P13 P14 P15 P16 P17

22.87 9.86 9.53 14.82 10.29 9.34 8.20 10.44

Table 8. Activation energies for the BOF slags with 8% MgO [kJ/mol].

P2 P21 P22 P23 P24 P25 P26

43.31 33.42 10.07 31.66 16.67 34.05 38.82

The obtained activation energies of BOF slags are lower compared to the activation energies of BF
slag reported in the literature (70.6 and 140.4 kJ/mol in [25] and approximately 75–140 kJ/mol in [23]).
The activation energy of slag compositions close to that of BOF slag was reported to be between 4 and
29 kJ/mol [29].

3.5. Industrial Significance

The viscosity of the slag plays a crucial role during industrial steelmaking operation because
it determines the fluidity of the slag and effectiveness of the mass transfer, which further controls
slag–metal reactions. During the BOF steelmaking, phosphorous transfer from slag to metal is one of
the reactions in the slag phase, which is controlled by mass transfer. If we can understand the effect of
various constituents present in the slag phase on the viscosity, it would definitely help to control the
industrial BOF steelmaking process in an effective manner.
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4. Conclusions

The viscosities of the representative BOF slags with varying compositions of MgO, Al2O3, TiO2,
and MnO were experimentally measured at the temperature range between 1400 and 1700 ◦C; the effect
of various additions were studied thoroughly, and the findings were reported and also compared with
those available in the literature. The effects of solid fraction in the slag as calculated by FactSage 7.2
were also considered for this estimation under different conditions. The results show the following:

(1) The softening, semi-spherical, and flow temperatures of the investigated BOF slags increase with
the increasing MgO content from 2 to 8 mass% and decrease with the addition of Al2O3. The addition
of TiO2 up to 5 mass% to BOF slag with 8 mass% of MgO reduces all three characteristic temperatures
of the melting behavior. Three characteristic temperatures decrease with the addition of 1.8 mass% of
TiO2 to BOF slag with 2 mass% of MgO and increase with the addition up to 5 mass% of TiO2.

(2) The viscosity of the BOF slag increases with the increasing of MgO content from 2 to 8 mass%.
(3) In the slags with 2 mass% MgO, the addition of Al2O3 increases the viscosity in the

liquid-determined region, and it decreases viscosity at the low temperatures. In slags with 8 mass%
MgO, Al2O3 reduces the viscosity in all the temperature ranges.

(4) In slags with 2 mass% MgO, viscosity at higher temperatures above 1600 ◦C does not depend
on the TiO2 content. With a decrease in temperature, the addition of TiO2 first reduces and then
increases the viscosity. In slags with 8 mass% MgO, the addition of TiO2 reduces the viscosity in the
liquid-determined region. Then, when the temperature drops, the viscosity increases with the addition
of TiO2.

(5) In the slags with 2 mass% MgO, the addition of MnO does not affect the viscosity at a higher
temperature range, in the liquid-determined region. In the slags with 8 mass% MgO, the addition
of MnO reduces the viscosity in the high-temperature region. When the temperature decreases,
the viscosity of the slags with 2 and 8 mass% MgO increases with the addition of MnO.

(6) The activation energies of the investigated BOF slags lies between 8 and 44 kJ/mol in the
liquid-determined region.
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