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Abstract—The effect of Na2O on the viscosity, structure, and crystallization behavior of CaF2–CaO–Al2O3–
MgO–TiO2 slag was studied using the rotating cylinder method, differential scanning calorimetry, Fourier
transform infrared spectroscopy, and X-ray diffraction analyses. The analyses demonstrated that with
increasing Na2O content, the viscosity and melting temperature of the slag decreased; however, the crystal-
lization temperature increased. Na2O acted as a network modifier to decrease the degree of polymerization
in the titanoaluminate structure and consequently increased the mobility of ions in the slag structure. The
network structures in the [AlOnF4 – n]-tetrahedral complexes and [AlO4]-tetrahedra are depolymerized with
the addition of Na2O; however, the depolymerization had a minimal effect on the Ti–O stretching vibration.
During the continuous cooling process of the slag without Na2O, the crystalline phases of
11CaO·7Al2O3·CaF2 were dominant, followed by CaF2 and CaTiO3. In addition to the first three phases, a
new precipitated phase of NaAlO2 was observed in the slag when Na2O was added, and the sequence of crys-
tallized precipitation during the continuous cooling process was 11CaO·7Al2O3·CaF2, CaF2, CaTiO3, and
NaAlO2. The effective activation energy of 11CaO·7Al2O3·CaF2 increased with increase in Na2O content (0–
3.9 wt %) and reached a maximum; however, a further increase in Na2O content (6.6 wt %) decreased the
effective activation energy of 11CaO·7Al2O3·CaF2.
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1. INTRODUCTION

Recently, electroslag remelting (ESR), used in
steelmaking, has received considerable attention in the
production of high-quality steel and alloys including
nickel-based superalloy [1–4]. The viscosity of the
molten slag is an important thermophysical property
in ESR, significantly impacted the purification of the
liquid metal, the interface reaction kinetics between
the slag and liquid metal, and the formation of a suit-
able slag film between the mold and solidified shell
[2, 5]. To remove the detrimental effects such as envi-
ronmental pollution and operator health hazards
caused by f luoride evaporation in the smelting process
of high-fluoride slag [4], studying relatively low-fluo-
ride slag and fluorine-free slag could meet the ESR
process requirements. Based on the CaF2–CaO–
Al2O3 ternary basic slag system, a small amount of
SiO2, MgO, TiO2 and alkali metal oxides of Na2O and
Li2O are added to the slag to meet the requirements of
the specific smelting process [6–8]. However, a
decrease in the CaF2 content of the slag leads to an
increase in its viscosity and melting temperature,
which is not conducive to operational stability and

ingot quality. Previous studies [9, 10] have reported
that the addition of Na2O to slag could reduce its melt-
ing temperature and viscosity. However, limited
research has been conducted on the fundamental
physical properties of the relatively low-fluoride slag
used for nickel-based superalloys. Therefore, studying
the effect of Na2O on the basic physical properties of
slags, such as viscosity, melting temperature, and crys-
tallization is essential.

Further, the viscosity of the slag is closely related to
its structure [11]. Na2O, as an alkali oxide, exists in the
form of Na+ and O2– ions, where the Na+ ions are used
for charge compensation and the O2– ions are used to
alter the network structure. The combined effect of
Na+ and O2– ions on the slag structure leads to a cor-
responding variation in its basic physical and chemical
properties. The influence of Na2O on the viscosity and
structure of slags has been reported. Kim et al. [10]
observed that the slag viscosity decreased with
increasing Na2O content, and the Na+ and O2– ions
provided by Na2O independently contributed to the
depolymerization of the network structure of the mol-
ten slag. Jiang et al. [12] reported that the addition of
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Table 1. Chemical composition of analytical reagents before and after pre-melting (wt %)

Sample
Before pre-melting After pre-melting

CaF2 CaO Al2O3 MgO TiO2 Na2O CaF2 CaO Al2O3 MgO TiO2 Na2O

N1 30.0 30.0 30.0 2.0 8.0 0.0 29.8 31.2 29.5 1.8 7.7 0.0
N2 30.0 28.5 28.5 2.0 8.0 3.0 28.9 30.9 28.6 1.7 7.5 2.4
N3 30.0 27.0 27.0 2.0 8.0 6.0 27.5 31.3 27.4 1.9 8.0 3.9
N4 30.0 25.5 25.5 2.0 8.0 9.0 26.9 30.9 25.9 1.9 7.8 6.6
Na2O reduced the degree of the structural complexity
of the slag by BO to Ti, NBO, and FO by means of
molecular dynamics simulation, and increased the
self-diffusion coefficients of each component of
the slag system. The total self-diffusion coefficient of
the slag system increased, which led to a decrease in
slag viscosity. Their study predominantly focused on
the slag viscosity and structure of aluminosilicates
with different Na2O contents. To prevent the reaction
between SiO2 in the slag with strong oxidizing alloying
elements such as Al and Ti in liquid metal, SiO2 is
eliminated by adding an appropriate amount of TiO2
and Ti burning loss is impeded [7]. A small amount of
TiO2 can decrease the viscosity and melting tempera-
ture, improve slag crystallization behavior [13, 14],
and simplify the aluminate structure. However, the
contribution of Na2O to titanoaluminate structural
changes in CaF2–CaO–Al2O3–MgO—TiO2-type ESR
slags is yet to be discerned. The crystallization charac-
teristics of Na2O are also discussed because its horizon-
tal heat transfer and lubrication performance depend on
the crystallization characteristics of the slag [7].

In this study, the effect of Na2O on the viscosity
and structure of ESR slag containing TiO2 was inves-
tigated using the rotating cylinder method and Fou-
rier-transform infrared (FTIR) spectroscopy. The
melting temperature of the slag was measured experi-
RUSSIAN JOURNAL 

Fig. 1. XRD patterns of the slag samples.
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mentally using the hemisphere method. The crystalli-
zation behavior of ESR-type CaF2–CaO–Al2O3–
MgO–TiO2 with different Na2O contents was studied
by differential scanning calorimetry (DSC) and X-ray
diffraction (XRD) analyses.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation

The slag samples were prepared using analytical
reagents consisting of CaF2, CaO, Al2O3, MgO, TiO2,
and Na2CO3, as listed in Table 1. All reagents were
heated up to 200°C for 4 h to remove moisture,
whereas the CaO powder was calcined at 1000°C for
4 h in a box furnace to remove impurities and mois-
ture. Subsequently, the treated reagents used for each
slag sample were mixed thoroughly in mortar for
30 min, respectively. The mixed reagents samples were
pre-melted in Pt crucible in a box furnace at 1500°C
for 5 min. Then, the molten slag was rapidly quenched
by ice water, which had an amorphous pattern as iden-
tified using XRD (Fig. 1) and was used as the sample
for further characterization. X-ray f luorescence
(XRF) was used to determine the chemical composi-
tion after pre-melting, and the results are listed in
Table 1.

2.2. Experimental Procedure
2.2.1. Viscosity measurement. The melting charac-

teristics of the molten slag were observed to determine
the upper temperature of the viscosity measurement,
which is an important thermophysical characteristic in
the ESR process. A melting temperature tester
(CQKJ-II, Chongqing University of Science and
Technology, Chongqing, China) was used to measure
the characteristic temperatures of the slag. The
detailed experimental procedure is provided in a paper
published by the author [15].

Rotating cylinder method was used to measure the
viscosity of the molten slag using an HRV-1600P vis-
cometer (Sinosteel Luoyang Institute of Refractories
Research Co., Ltd, Luoyang, China). A schematic of
the viscosity device and the dimensions of the crucible
are shown in Fig. 2 and Table 2, respectively. The vis-
cosity device should be calibrated using standard cas-
tor oil with a known viscosity to obtain accurate results
OF NON-FERROUS METALS  Vol. 63  No. 6  2022
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Fig. 2. Schematic of the experimental apparatus. (1) Gas
outlet, (2) viscometer, (3) firebrick lid, (4) alumina tube,
(5) MoSi2 heating element, (6) shaft, (7) graphite crucible,
(8) Mo spindle, (9) refractory, (10) gas inlet, and (11) B-type
thermocouple.
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before each viscosity measurement. The high purity
graphite crucible with reagent samples was placed in a
constant temperature zone in a pit furnace, heated up
to 1550°C, and sustained for 10 min to ensure com-
plete melting. The raising furnace body is aimed to
ensure that Mo spindle was completely in the molten
slag, and the viscosity was measured at a continuous
cooling rate of 6°C/min. The computer automatically
recorded the viscosity values at different temperatures,
that is, the viscosity-temperature curve was plotted. In
the viscosity measurement process, nitrogen (99.99%)
was used as a protective gas to prevent the oxidation of
the Mo spindle and graphite crucible.

2.2.2. DSC measurement. The non-isothermal
crystallization characteristics of the quenched slag
samples were measured by DSC analysis using a
simultaneous thermal analyzer (STA449F3, Netzsch
Instrument Inc., Hamburg, Germany). The apparatus
was calibrated using an Ar gas atmosphere at
60 mL/min as a reference to build a temperature cali-
bration curve. The slag sample (50 ± 0.5 mg) in the Pt
crucible was heated in the range of 50–1500°C at a
heating rate of 30°C/min and held for 1 min for uni-
form composition and bubble removal. Subsequently,
the slag samples were cooled to 300°C at cooling rates
of 15, 20, 25, and 30°C/min to obtain DSC curves.
CCT diagrams of each slag were plotted using the
DSC results.

2.2.3. Structural analysis. FTIR spectroscopy
(Nicolet, Summit, USA) was used to determine the
structural changes in the quenched slags. Prior to the
measurement, the samples comprising 2.0 mg of pre-
melted slag and 200 mg of KBr were pressed into discs
of 13 mm in diameter using customized infrared tools.
The FTIR spectra (32 scans per spectrum) were

recorded in the range of 4000–400 cm–1 with a spec-

tral resolution of 4 cm–1 at room temperature and col-
lected using a KBr detector.

2.2.4. Crystalline phase analysis using XRD. Owing
to the small amount of slag after the DSC measure-
ment, a high-temperature furnace was used to deter-
mine the crystal precipitation species and sequence in
the DSC measurements. The aforementioned treated
analytical reagents were prepared as reagent samples,
heated up to 1500°C for 5 min, and were cooled to the
target temperature to obtain corresponding crystalline
phases via rapid water cooling. In the high-tempera-
ture furnace, the cooling rate was set to 10°C/min,
which was different from that in the DSC measure-
ment (15°C/min). The pre-experiments showed that
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo

Table 2. Dimensions of the graphite crucible and spindle (mm

Graphite crucible Size

Inner diameter 50

Outer diameter 60

Height 80
the difference between the end-crystallization-tem-
perature of a crystal in DSC and that of the high-tem-
perature furnace was in the temperature range of –5 to
–15°C. Therefore, to ensure that the crystalline phase
could be precipitated, the crystallization temperature
selected in the high-temperature furnace was lesser
than –5 to –15°C, compared to that of the DSC mea-
surement. The crystallization temperature used in the
high-temperature furnace can be corrected according
to the deviation of the pre-experiment. The crystalline
phases were identified using XRD, and the sequence
of the crystal phases was obtained by comparing dif-
ferent XRD curves at the target temperature for each
sample.

3. RESULTS AND DISCUSSION

3.1. Effect of Na2O on the Melting Characteristics 
of the Slag

To develop a lower-melting-point-slag system suit-
able for nickel-based superalloys, the process follow-
ing the addition of Na2O to CaF2–CaO–Al2O3–

MgO–TiO2 slag was studied. The characteristic tem-

peratures of slags with different Na2O contents are

listed in Table 3. Generally, the hemispherical tem-
perature is regarded as the melting temperature of the
slag. As the Na2O contents increased from 0 to 6.6 wt %,
l. 63  No. 6  2022

)

Mo Spindle Size

Diameter 15

Height 20
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Table 3. Slag melting characteristics

Sample
Softening 

temperature, °C

Hemispheric 

temperature, °C

N1 1413 1468

N2 1375 1441

N3 1350 1424

N4 1335 1412

Table 4. Viscosity of the molten slags at 1550°C and break
temperature

Sample
Viscosity

at 1550°C (Pa s)

Break 

temperature, °C

N1 0.212 1457

N2 0.158 1432

N3 0.098 1414

N4 0.057 1392
the melting temperature gradually decreased from
1468 to 1412°C. Therefore, increasing the Na2O con-

tent reduces the melting temperature of the slag, which
follows the conclusions of a previous study [16]. In
addition, Na2O can also be a potential substitute for

CaF2 in the design of new ESR slags.

3.2. Effect of Na2O on Viscosity

The temperature dependence of the viscosity in the
CaF2–CaO–Al2O3–MgO–TiO2 slags with different

Na2O contents is shown in Fig. 3. All the viscosity-

temperature curves have critical point, which is con-
sidered as the break temperature of the molten slag
RUSSIAN JOURNAL 

Fig. 3. Temperature dependence of viscosity in CaF2–Ca
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(Table 4). As the temperature of the molten slag grad-

ually decreased from 1550°C, the viscosity first

increased slightly, and then abruptly increased when

the temperature was below the break temperature during

continuous cooling. This is because, at higher tempera-

tures, the slag has sufficient excess thermal energy to

modify the network structure, and at lower temperatures,

a large number of precipitated phases increase the resis-

tance effect between viscous f lows [17].

Furthermore, from the perspective of Na2O addi-

tion in the slag, the viscosity of the molten slag at

1550°C decreases with an increase in Na2O content

from 0 to 6.6 wt %, and the break temperature also

decreases from 1457°C to 1392°C, as given in Table 4.

However, at high temperatures (1470°C–1550°C), the

slag viscosity gradually decreased with increasing

Na2O content (Fig. 3b). From the perspective of ion

theory, Na2O acts as a basic oxide, providing Na+ and

O2− ions. The Na+ ions have a higher priority for the

ionic charge compensation effect for the aluminate

structure than Ca2+ and Mg2+ ions to complicate the

structure through the strict order for the cations used

in the charge compensation of the Al3+ ions [18].

However, O2− ions depolymerize the bridging oxygen

bonds in the titanoaluminate structure to form simpler

non-bridging oxygen bonds [19, 20]. The increase in

the Na2O content decreased the slag viscosity, which

indicates that the depolymerization effect by O2− ions

is more dominant than the charge compensation effect

by Na+ ions. Further, a study used molecular dynam-

ics simulation to investigate the decrease in slag vis-

cosity with the addition of Na2O content because it

ameliorates the total self-diffusion coefficient of the

slag system [12]. Therefore, the decrease in the viscos-

ity of the molten slag caused by Na2O addition is

closely related to the effect of Na+ and O2− ions on the

network structure, as described in Section 3.3.
OF NON-FERROUS METALS  Vol. 63  No. 6  2022
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Fig. 4. FTIR spectra of the CaF2–CaO–Al2O3–MgO–
TiO2 slag sample with different Na2O contents, as-
quenched at 1500°C.
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3.3. Structural Analysis Using FTIR

To discern the relationship between the viscosity
and the structure of the molten slag and to study the
variation in the slag structure, FTIR spectra were
recorded. The transmittance spectra of the CaF2–

CaO–Al2O3–MgO–TiO2 slag with different Na2O

contents is shown in Fig. 4. The bands in the wave-

number range of 940–720 and 720–600 cm–1 are
attributed to the asymmetric stretching vibration of
[AlOnF4-n]-tetrahedral complexes (n = 0–4), [AlO4]-

tetrahedra, respectively [21]. Furthermore, the Ti–O
stretching vibration was observed at approximately

420 cm–1 [22].

Increasing the addition of Na2O content, shifts the

center of gravity of [AlOnF4 – n]-tetrahedral complexes

toward lower wavenumbers, from 787 to 776 cm–1.
This shift indicates that the distance between cations
and oxygen is broadened [10], that is, increasing the
Na2O content can depolymerize the network structure

in the molten slag. The [AlO4]-tetrahedra, generally

occurring in the wavenumber range of 720–600 cm–1,

appears as a gentle slope near 660 cm–1 with low Na2O

content [20], which suggests a more complex network
structure. Furthermore, the band at approximately

420 cm–1 is ascertained to the Ti–O stretching vibra-
tion, and the variation in its absorption intensity is sig-
nificantly weak with an increase in Na2O content. This

suggests that increasing the Na2O content had a mini-

mal effect on the Ti–O bonds in the titanate structure.

Free oxygen (O2–) reacts with bridge oxygens (O0)

to produce non-bridging oxygens (O–) [9, 22, 23]. A
shift in the center of gravity of [AlOnF4-n]-tetrahedral

complexes toward lower wavenumbers with increasing
Na2O content indicates that Na2O addition decreases

the number of bridge oxygens and increases the num-
ber of non-bridge oxygens in the slag structure, result-
ing in simpler polymer-type units. The number of
bridge oxygens in the [AlO4]-tetrahedra also decreased

with Na2O addition. However, increasing the Na2O

content has a minimal effect on the Ti–O stretching
vibration, which could be because the aluminate is
dominant in the slag structure.

Based on the aforementioned structural analysis,
the addition of Na2O in the slag significantly depo-

lymerized the [AlOnF4 – n]-tetrahedral complexes and

[AlO4]-tetrahedra network structure, but only had a

minimal effect on the Ti–O stretching vibration. The

influence of O2– ions provided by Na2O addition on

the titanoaluminate structure is more dominant than

that of Na+ ions. In addition, the complex network
structure depolymerized by Na2O addition is consis-

tent with the result that viscosity decreases with
increasing Na2O content.
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3.4. DSC and XRD Analyses

The effect of Na2O content on the DSC curves of

slag samples with cooling rates of 15, 20, 25, and
30°C/min is shown in Fig. 5. Each exothermic peak
represents a crystalline phase precipitated in the mol-
ten slag. Two crystallization events (T1 and T2) for
Slag N1 and four crystallization events (P1, P2, P3,
and P4) for Slag N2, Slag N3, and Slag N4 are
observed in the DSC curves. Further, the crystalliza-
tion of P1 is dominant in the slag containing Na2O.

The XRD patterns of the quenched slags are shown
in Fig. 6. The crystallization temperature of the sam-
ples was determined using the crystallization end tem-
perature of each exothermic peak of the slags during
the continuous cooling process. Two exothermic
peaks, T1 and T2 appeared in the DSC curves for Slag
N1 during the continuous cooling process; however,
the corresponding XRD pattern has three crystalline
phases. The exothermic peak, T1 represents the pre-
cipitation of 11CaO·7Al2O3·CaF2 and that of T2 rep-

resents the precipitation of CaF2 and CaTiO3; this was

confirmed by a similar result reported by Zheng et al.
[14]. For the Slag N2, Slag N3, and Slag N4 slags with
Na2O content, a completely new crystalline phase was

observed, which is attributed to the precipitation of
NaAlO2. The P1, P2, P3, and P4 exothermic peaks in

the DSC curves of the slags were identified with refer-
ence to the corresponding XRD patterns; the peaks
were ascertained to the crystalline phases of
11CaO·7Al2O3·CaF2, CaF2, CaTiO3, and NaAlO2,

respectively. In addition, an increase in Na2O addition

promotes the precipitation of CaF2 and NaAlO2 crys-

talline phases, increasing the low-melting-point sub-
stances. This can be explained by the decreased break
and melting temperatures of the molten slag with
increasing Na2O content.
l. 63  No. 6  2022
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Fig. 5. DSC curves of non-isothermal crystallized molten slags at different rates: Slag N1 (a), Slag N2 (b), Slag N3 (c), and
Slag N4 (d).
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CCT diagrams of the crystalline phases of the slag
are shown in Fig. 7 to discern their crystallization abil-
ity at different cooling rates of 15, 20, 25, and
30°C/min. The crystallization temperature of the
crystalline phases of the molten slag decreases with an
increase in cooling rate, indicating that a higher cool-
ing rate represents a larger undercooling degree of the
slag to a certain extent, resulting in a decrease in the
onset crystallization temperature of the crystal. Addi-
tionally, a high cooling rate leads to a sharp increase in
viscosity and produces a stronger driving force that
accelerates molten slag nucleation [24].

The crystallization temperature of molten slag rep-
resents the temperature at which the initial crystalline
phases are precipitated in successive non-isothermal
crystallization processes [25]. The CCT diagram of
the first crystalline phase precipitated in the molten
slag is shown in Fig. 8. The increase in Na2O contents

increases in the crystallization temperature of the
molten slags, when the continuous cooling rate is
15°C/min; the crystallization temperature of the mol-
ten slags corresponding to Na2O content of 0, 2.4, 3.9,
RUSSIAN JOURNAL 
and 6.6 wt % were 1398, 1448, 1463 to 1468°C, respec-
tively. This result suggests that the crystallization tem-
perature of the slag gradually increases. Previous stud-
ies have reported that Na2O addition can increase the

crystallization temperature of the slag and further pro-
mote its crystallization ability [24, 26, 27]. However,
as the Na2O content increased from 0 to 6.6 wt %, both

the break temperature in the viscosity-temperature
curve and the hemispheric temperature observed in
melting properties by the hemispherical method
decreased, which contradicts the tendency of the crys-
tallization temperature in general. From the slag struc-
tural analysis, Na2O acts as a network modifier to

decrease the degree of polymerization in the tita-
noaluminate structure, resulting in a decrease in the
melting and break temperatures, which reduces the
relative resistance of the f luids [10, 28, 29]. In addi-
tion, the depolymerization effect facilitates the forma-
tion of much simpler polymers, which leads to an
increase in the mobility of ions in the slag structure.
Therefore, the addition of Na2O enhances the crystal-

lization of molten slag [16, 24].
OF NON-FERROUS METALS  Vol. 63  No. 6  2022
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Fig. 6. XRD patterns of the molten slags, Slag N1 (a), Slag N2 (b), Slag N3 (c), and Slag N4 (d) at different rates.
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3.5. Relative Crystallinity 
and Effective Activation Energy of 11CaO·7Al2O3·CaF2

Relative crystallinity is an important parameter for
characterizing the structure of crystalline polymers,
and it is closely related to many important properties
of the polymer, such as the cooling rate, temperature,
and effective activation energy. The equation for rela-
tive crystallinity is as follows:

(1)

where  is the relative crystallinity at a certain tem-

perature, and , , and  are the crystallization,
onset, and end crystallization temperatures, respec-

tively.  is the heat f low rate calculated from the

first exothermic peak in the DSC curves.
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The relative crystallinity of 11CaO·7Al2O3·CaF2 as

a function of the crystallization time for various slag
samples at different cooling rates is shown in Fig. 9.
The relative crystallinity of 11CaO·7Al2O3·CaF2 grad-

ually decreases with an increase in cooling rate for
each quenched slag, indicating that increasing the
cooling rate can shorten the crystallization time of the
molten slag. Further, when the cooling rate is
15°C/min, the crystallization time of Slag N1
decreases significantly compared to that of Slags N2,
N3, and N4, which indicates that the addition of
Na2O extends the crystallization time of the molten

slag.

To discern the crystallization behavior of molten
slag in terms of kinetics, the effective activation energy
developed using a differential iso-conversional
method for crystallization of molten slag, introduced
by the Friedman method for non-isothermal crystalli-
zation kinetic analysis was utilized [30]. The effective
activation energy is the temperature coefficient of the
process rate, and it has a different physical meaning
l. 63  No. 6  2022
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Fig. 7. CCT diagrams of the molten slags: Slag N1 (a), Slag N2 (b), Slag N3 (c), and Slag N4 (d).
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from the apparent activation energy, which represents

an energy barrier [31]. The equation is as follows:

(2)( ) ( )
ln ,

cEd C
dt RT

α

α

α = − +
RUSSIAN JOURNAL 

Fig. 8. CCT diagrams of the first crystalline phases precip-
itated in the molten slags.
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where dα/dt is the instantaneous crystallization rate,

and , , , and C are the effect activation energy,

gas constant, and temperature at the relative crystal-
linity , respectively.

The effective activation energies for various slag
samples under different relative crystallinities were
calculated from the slope of the plot of the linear fit-

ting of  as a function of , for a series of

given  values at different cooling rates. The effective
activation energy of 11CaO·7Al2O3·CaF2 as a function

of the relative crystallinity of the different slag samples
is presented in Fig. 10. The effective activation energy
of 11CaO·7Al2O3·CaF2 for Slag N1 first increased,

then decreased, and finally increased again when the
relative crystallinity increased, suggesting that the
crystallization of 11CaO·7Al2O3·CaF2 was first inhib-

ited, then enhanced, and finally inhibited again as the
crystallization progressed. However, with increasing
Na2O addition, a successive increase in the effective

activation energy of 11CaO·7Al2O3·CaF2 for Slag N2

and Slag N3 occurred, revealing that the crystalliza-
tion of 11CaO·7Al2O3·CaF2 was restrained as the crys-

( )cE α R Tα

α

( )ln
d
dt
α 1

RTα
−

α
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Fig. 9. Relative crystallinity of 11CaO·7Al2O3·CaF2 as a function of crystallization time for various slag samples at different cool-
ing rates: Slag N1 (a), Slag N2 (b), Slag N3 (c), and Slag N4 (d).
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tallization progressed. Considering the Na2O addition

with 6.6 wt %, the effective activation energy of

11CaO·7Al2O3·CaF2 for Slag N4 first increases and
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo

Fig. 10. Effective activation energy of 11CaO·7Al2O3·CaF2
as a function of relative crystallinity for different slag
samples.
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Relative crystallinity
then decreases, indicating that the crystallization of
11CaO·7Al2O3·CaF2 becomes easier and then harder.

Further, the effective activation energy of
11CaO·7Al2O3·CaF2 increases with an increase in the

Na2O content from 0 to 3.9 wt %, however, a further

increase in the Na2O content decreases that of

11CaO·7Al2O3·CaF2.

4. CONCLUSIONS

The viscosity, structure, and crystallization behav-
ior of CaF2–CaO–Al2O3–MgO–TiO2 slags with dif-

ferent Na2O contents in ESR were studied using the

rotating cylinder method, FTIR spectra, DSC, and
XRD analysis. The conclusions are as follows:

As the Na2O content increased from 0 to 6.6 wt %,

the slag viscosity decreased from 0.212 to 0.057 Pa s,
and the melting and breaking temperatures of the slag
also decreased.

The [AlOnF4 – n]-tetrahedral complexes and

[AlO4]-tetrahedra network structures were depolym-
l. 63  No. 6  2022
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erized by the addition of Na2O, but they slightly

affected the Ti–O stretching vibration. The O2– ions
generated by Na2O on the titanoaluminate structure

were more dominant than the Na+ ions.

During the continuous cooling process of the slag
without Na2O, 11CaO·7Al2O3·CaF2 was first precipi-

tated and was the dominant crystalline phase, fol-
lowed by CaF2 and CaTiO3 together. Adding Na2O to

the slag leads to the production of a new precipitated
crystalline phase of NaAlO2, and the crystallization

sequence of the slag is 11CaO·7Al2O3·CaF2, CaF2,

CaTiO3, and NaAlO2.

The crystallization temperature of the slag
increases with the addition of Na2O, which is because

Na2O plays the role of a network modifier to decrease

the degree of polymerization in the titanoaluminate
structure, facilitating the formation of simpler polymers
and enhancing the mobility between ions in the slag
structure. The effective activation energy of
11CaO·7Al2O3·CaF2 increases with an increase in Na2O

content from 0 to 3.9 wt %, but with a further increase in
Na2O contents, that of 11CaO·7Al2O3·CaF2 decreases.
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