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Influence of Li2O and Na2O on Viscosity,
Crystallization and Microstructure of High
TiO2-Containing Mold Slags

HEBIN JIN, XUEFENG XIE, SHENGPING HE, YATAO CUI, XUBIN ZHANG,
and QIANGQIANG WANG

In the current study, the influence of Li2O and Na2O on the viscosity, crystallization, and
structure of the high TiO2-containing mold slag for the continuous casting of high-Ti steel was
investigated to improve the property of the CaO–SiO2–TiO2-based slag under the steel-slag
reaction through the measurement of the viscosity-temperature relationship, crystallization
temperature and phases, and the Raman spectrum. With the increase of Li2O content from 0 to
8 pct, the viscosity at 1300 �C and melting temperature decreased from 0.54 to 0.01 Pa s, and
1151 to 884 �C, respectively. While the viscosity of the slag at 1300 �C increased from 0.20 to
0.62 Pa s, the viscosity of the slag at 1400 �C decreased from 0.16 to 0.09 Pa s, and the melting
temperature decreased from 1195 to 1077 �C with the Na2O content from 2 to 10 pct. According
to the thermodynamic calculation and XRD measurement, the main crystallization phase of
high TiO2 slags was CaTiO3 with the content of Li2O below 4 pct and Na2O of 2 to 10 pct, the
crystallization phase gradually changed from CaTiO3 to LiTiO2 with Li2O from 4 to 8 pct, and
the morphology of the crystalline nucleus changed from the type of spiky star to barbed sphere.
Similarly, with the Li2O content from 2 to 6 pct the initial and complete crystallization
temperature decreased and increased, respectively, while those increased with the increase of
Na2O content, indicating that the increase of the Li2O below 4 pct and the decrease of the Na2O
in the current slag resulted in the weak crystallization ability. With the addition of Li2O content,
the complex structural units of Q1, Q2 and Q3 were depolymerized, and the slag viscosity
decreased. With the increase of Na2O content, structural units of Q0, Q1 and Q2 structure units
had the tendency to increase, and the viscosity of slag at 1400 �C decreased. These results could
be used for the selection of typical components of mold slags for continuous casting of high-Ti
steel.
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I. INTRODUCTION

HIGH Ti steel is characterized by high strength,
good corrosion resistance, and excellent low-tempera-
ture performance. Nowadays, steel grades with the Ti
content of 0.2 pct are often referred to as high-Ti steel,[1]

which are widely used in automobiles, ships, bridges,
aerospace, and other industries.[2,3] However, some
problems often occur in continuous casting of high-Ti

steel, such as the clogging of the submerged entry nozzle,
the formation of floater at the steel-slag interface,
and especially the steel-slag reaction ([Ti]+ (SiO2) =
(TiO2)+ [Si]), which will result in the defect on the slab
surface, and even the occurrence of breakout acci-
dent.[4–7] Under the steel-slag reaction, the composition
of the mold slag gradually transforms from CaO–SiO2

system to CaO–TiO2 system, and the slag structure also
changes from stable silicate to titanate, which in turn
affects the properties of the slag. Hence, the use of
non-reactive or low-reactive mold slag for the continu-
ous casting of high-Ti steel is proposed by some
researchers and scholars.
Numerous studies of the aforementioned issues have

been reported. In consideration of the influence of the
steel-slag reaction, TiO2 was used as a substitute for
SiO2, and indicated that with TiO2 addition the viscosity
of the mold slag was decreased, Si–O and Al–O bond of
the slag structure was depolymerized, and the slag
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polymerization was decreased.[8–10] However, when the
TiO2 content in the slag exceeds a certain limit, the
performance of the slag with the precipitation of high
melting temperature perovskite will deteriorate shar-
ply.[11,12] The crystallization CaTiO3 (or CaOÆSiO2ÆTiO2,
with high melting point) in mold slags has been made in
previous studies as a function of TiO2 addition.[13,14]

Besides, TiO2-containing mold slags have also been used
to develop fluorine-free mold slags to control heat
transfer by substituting perovskite for cuspidine.[15–21]

Previous studies have shown that the Li2O and Na2O
can reduce the physicochemical properties of slag such
as the viscosity and melting temperature. The increase of
Li2O in slags can reduce the viscosity and melting
temperature of the mold slag, and provides free oxygen
to simplify the silicate and aluminate ([AlO4]

� tetrahe-
dral) network structure.[22–27] The addition of Li2O (0 to
2 pct) decreases the crystallization ability of cuspidine
with the lithium ions interfering with the interaction
between Ca2+ ions and Li+ ions, which retards the
nucleation ability of cuspidine (3CaOÆ2SiO2ÆCaF2) and
reduces the activity of SiO2.

[28,29] When the content of
Li2O exceeds a certain content, it will accelerate the
precipitation of LiAlO2 phase with high melting
temperature.[30]

The influence of the Na2O in different mold slag
systems on the performance of mold slags is various. Li
et al.[31] and Cui et al.[32] demonstrated that Na2O
reduced the viscosity of the slag, but resulted in the
increase of slag crystallization. Wang et al.[29] found that
viscosity decreased with the addition of Na2O content
from 0 to 10 pct in CaO–Al2O3-based mold slag. Wang
et al.[33] investigated properties of SiO2–CaO–Al2O3–
B2O3–Na2O slags and found that the Na2O content
resulted in the increase of the break temperature and
decrease of the viscosity. The relationship between the
Na2O and F contents and the crystallization of cus-
pidine was considered by Hanao et al.[34] through the
X-ray diffraction analysis, and solidification tempera-
tures of the mold flux at the CaO–SiO2–CaF2–NaF
system. Lu et al.[30] demonstrated that the increase of
Li2O and Na2O in the CaO–Al2O3–SiO2-based slag tend
to inhibit crystallization. However, there have been few
studies on the effect of Li2O and Na2O in CaO–SiO2–
TiO2 slag system on the viscosity, crystallization and
Raman structure properties of slag after the steel-slag

reaction of high-Ti steel and slags. Therefore, it is
necessary to study the influence of Li2O and Na2O
content on basic properties of CaO–SiO2–TiO2-based
slag.
In this study, slag systems with varying Li2O and

Na2O contents were designed based on the mold slag
with CaO/SiO2 ratio of 0.93 as the original slag and with
12 pct TiO2 content. The viscosity properties, melting
properties, crystallization properties, and structure of
mold slags were investigated using a rotational viscome-
ter, melting temperature meter, improved high-temper-
ature confocal equipment, X-ray diffraction (XRD), and
Raman spectroscopy method.

II. EXPERIMENTAL METHODOLOGY

A. Material Preparation

In the current study, the influence of the Na2O and
Li2O contents on the properties of the high TiO2-con-
taining mold slags after the steel-slag reaction is
investigated, and the chemical compositions of mold
slags are shown in Table I. These samples were prepared
through the mixing and pre-melting of pure chemical
reagent grade powders of CaCO3, SiO2, Al2O3, TiO2,
CaF2, Na2CO3, BaCO3, MgCO3 and Li2CO3 at 1300 K,
and then these homogeneous liquid slags were cooled as
solid slags for the measurement of properties, respec-
tively. During the continuous casting of mold slag of
high titanium steel (825 Alloy, Ti = 0.9 pct) in a steel
plant, the TiO2 content in the liquid slag above the steel
under the steel-slag reaction was approximately 12 pct,
so the properties of two slags with the TiO2 12 pct and
SiO2 28 pct were also discussed as L1 and N3. The
content of the Li2O and Na2O was within 2~10 pct and
0~8 pct as L1~L5 and N1~N5, respectively.

B. Measurement of Viscosity and Melting Temperature

The viscosity at 1300 �C and viscosity-temperature
relationship of mold slags are measured through the
MTLQ-BQ-2 rotational viscometer, and the schematic
of the viscometer is shown in Figure 1. The process of
the viscosity measurement refers to the Chinese standard
of mold slags (YB/T 185-2017). In order to ensure the
uniform composition of slags, these slag samples (250 g)

Table I. Chemical Compositions of Mold Slags (Pct)

No. CaO/SiO2 CaO SiO2 Al2O3 TiO2 CaF2 Na2O BaO MgO Li2O

L1 0.93 26 28 8 12 11 8 4 3 0
L2 0.93 25.1 26.9 8 12 11 8 4 3 2
L3 0.93 24.1 25.9 8 12 11 8 4 3 4
L4 0.93 23.1 24.9 8 12 11 8 4 3 6
L5 0.93 22.2 23.8 8 12 11 8 4 3 8
N1 0.93 28.9 31.1 8 12 11 2 4 3 0
N2 0.93 27.9 30.1 8 12 11 4 4 3 0
N3 0.93 27 29 8 12 11 6 4 3 0
N4 0.93 26 28 8 12 11 8 4 3 0
N5 0.93 25 27 8 12 11 10 4 3 0
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were prepared, mixed, and then premelted in the
high-temperature MoSi2 furnace at 1300 �C at a rate
of 15 �C/min for 30 minutes with these slags located in
the graphite crucible. After the viscosity at 1300 �C was
measured by the viscometer rotating at a fixed speed of
12 r/min, the viscosity-temperature relationship of the
slag was recorded during the cooling process at the
cooling rate of 6 �C/min until the viscosity exceeded
3.0 Pa s.[35]

The melting temperature of the mold slag composed
of multi-components was not constant, and the hemi-
sphere point temperature of the slag was considered as
the melting temperature. After the viscosity measure-
ment, the melting temperature (Tm) of the solid slag was
measured through the hemisphere point method of the
MTLQ-BQ-2 furnace. During the measurement of the
melting temperature, the solid slag was crushed as
powder, pressed as the cylinder with F3 mm 9 3 mm,
and then heated at the heating rate of 25 �C/min. The
temperature with the height of the slag as half of the
original one was considered as the melting temperature,
and other details for the operation of the equipment
could be found elsewhere.[36]

C. Thermodynamic Calculation and Measurement
of Slag Crystallization

To understand the crystallization behavior of these
mold slags, the thermodynamic calculation and experi-
mental measurement were conducted through the Fact-
Sage 8.1 software and the modified full-field
high-temperature confocal equipment, respectively. Dur-
ing the thermodynamic calculation based on the principle
of minimum Gibbs Free Energy in equilibrium, the

Equilibmodule was used, only the database of oxides and
the product of the pure solid phase and all solution phases
were chosen, and different precipitated phases within the
temperature of 900 �C to 1500 �C were obtained and
compared with different slag compositions in Table I.
Besides, crystallization phases of mold slags were also
detected by the XRD (X-Ray diffraction) (Model D/max
2500/PC Cu-Ka, Netherlands), and the sample for
measurement was obtained through pouring the liquid
slag into a cold stainless steel plate under the air cooling
after liquid slags holding at 1300 �C or 800 �C.
During the measurement of the crystallization behav-

ior including the observation of the crystallization
process, and initial and complete crystallization temper-
ature, about 75 mg of pre-melted solid samples were
located into a platinum crucible, and then the crucible
covered by a glass sheet to minimize the evaporation of
fluoride was put into the modified confocal equipment
for the crystallization measurement. Afterwards, the
sample was heated to 1300 �C with a heating rate of
20 �C/min, kept for 90 seconds, and then cooled at
different cooling rates of 0.2 or 1~4 �C/s. During the
cooling of the sample, the crystallization process of
mold slags was observed and recorded by camera,[37]

and the initial and complete crystallization temperature
and average crystallization rate were obtained.

D. Measurement of Structural Units Through Raman
Spectrum

To explain the variation of the viscosity-temperature
relationship and crystallization behavior of different
mold slags, the structural units in molten slags were
measured by the Raman spectrum. At first, the

Fig. 1—Schematic setup for viscosity measurement.
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premelted liquid slag at 1300 �C was quenched in cold
water to obtain the amorphous sample, dried, and then
ground to 200 mesh for XRD measurement. Without
crystal in the quenched slag, the slag was used for the
measurement of structural units through the Raman
spectrum (LabRAM HR Evolution; HORIBA Jobin
Yvon S.A.S., France) with a spectral range of 200 to
1600 cm�1. The content of each structural unit in the
slag was calculated by Peakfit software by the Gaussian
function, and the influence of Li2O and Na2O on the
degree of polymerization of slags was obtained.

III. VISCOSITY AND MELTING PROPERTIES

In the continuous casting of steel, the viscosity of
slags was directly related to the lubrication of the slag on
the solidified shell, and also the slag consumption, while
the melting temperature affected the melting rate of slag
powder, the thickness of the liquid slag pool and the
length of the liquid slag film from the meniscus to the
mold exit.

The viscosity-temperature relationship with different
contents of Li2O and Na2O in slags is shown in Figure 2,
and the viscosity at 1300 �C or 1400 �C and melting
temperature of different Li2O and Na2O contents are
compared in Figure 3. From Figure 2, the viscosity-tem-
perature curve tended to move towards the high-viscos-
ity region with increasing Li2O content from 0 to 8 pct
and Na2O content from 2 to 10 pct, respectively. From
Figs. 2 and 3, the viscosity of the slag at 1300 �C
decreased from 0.54 to 0.01 Pa s, and increased from
0.20 to 0.62 Pa s with the Li2O and Na2O content from
0 to 8 pct and 2 to 10 pct, respectively. With the
increasing Na2O content at 1400 �C, the viscosity of the
slag decreased from 0.16 to 0.09 Pa s. The melting
temperature greatly decreased from 1151 to 884 �C and
1195 to 1077 �C with the Li2O and Na2O content from 0
to 8 pct and 2 to 10 pct, respectively. The increase of the
TiO2 at the content of 12 pct in the slag under the
steel-slag reaction would deteriorate the lubrication on
the solidified shell, while the increase of the Li2O in the
TiO2-containing slag could improve the lubrication,
which is consistent with previous research.[25,36,38–44]

Fig. 2—Viscosity-temperature curves of mold slags with (a) the Li2O content of 0~8 pct and (b) the Na2O content of 0~10 pct at 1300 �C (c) the
Na2O content of 0~10 pct at 1400 �C.
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Fig. 3—Viscosity at 1300 �C or 1400 �C and melting temperature of mold slags with different (a) Li2O and (b) Na2O contents.

Fig. 4—Thermodynamic calculation of crystallization phases of mold slags with the Li2O content of (a) 0 pct, (b) 2 pct and (c) 4 pct.
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Fig. 5—Thermodynamic calculation of crystallization phases of mold slags with the Na2O content of (a) 2 pct, (b) 4 pct, (c) 6 pct and (d) 8 pct.

Fig. 6—Crystallization phases of mold slags with different (a) Li2O and (b) Na2O contents under air cooling after holding at 1300 �C.
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However, the viscosity increased with an increase in
Na2O content from 2 to 10 pct at 1300 �C (Figure 2(b)),
which was different from the results of the previous
studies.[38–40,43] In this study, the viscosity-temperature
curves were further investigated at 1400 �C based on the
results mentioned above. The results revealed that
Na2O, an alkali oxide, still had the function of reducing
the viscosity at high-temperature (at 1400 �C). The
viscosity of the slag corresponding to the temperature at
1300 �C is close to the break temperature. In the
CaO–SiO2–TiO2 mold slag system, the increase of
Na2O content enhances the CaTiO3 crystallization
ability, which leads to an increase in viscosity with the
increasing Na2O content at 1300 �C. This indicates that
the precipitation of crystals and the complex ions cluster
structure will affect the increase of the viscosity of the
slag (in Figure 2(c)).

IV. CRYSTALLIZATION BEHAVIOR
AND PHASES

A. Crystallization Phases Through Thermodynamic
Calculation

In Figures 4 and 5, the precipitated phase fraction of
several mold slags with different temperature is also
shown through the thermodynamic calculation of slags
with the Li2O of 0 to 4 pct and Na2O of 2 to 8 pct. The
thermodynamic calculation of phase precipitation could
not be conducted with excessive Li2O or Na2O in slags,
which was related to the data deficiency of these slags.

From Figures 4 and 5, with the TiO2 content of 12 pct
in slags, the initial precipitated phase was perovskite
(CaTiO3) as the major phase with different Li2O and
Na2O contents, and the second precipitated phase
changed from cuspidine (Ca4Si2F2O7) to Neph (NaAl-
SiO4) with the Li2O from 0 to 4 pct, while that all was
the cuspidine (Ca4Si2F2O7) phase with was Na2O of 2 to
8 pct. From Figure 4, with the increase of the Li2O in
slags from 0 to 4 pct, the initial precipitated temperature
of perovskite decreased from 1440 to 1340 �C, while that
slightly increased from 1420 to 1440 �C with Na2O from
0 to 8 pct in Figure 5. Hence, according to the
thermodynamic calculation, the increase of Li2O within
0 to 4 pct and the decrease of Na2O content could result
in the decrease of the crystallization ability in the high
TiO2-containing slag.

B. Crystallization Phases Through XRD

In Figure 6, crystallization phases through the XRD
method are compared with different Li2O and Na2O
contents under air cooling after holding at 1300 �C.
With Li2O of 0 to 4 pct and Na2O of 2 to 10 pct under
the air cooling after holding at 1300 �C, respectively.
From Figure 6(a), with the increase of Li2O from 0 to
8 pct, the crystallization phase gradually changed from
perovskite (CaTiO3) to LiTiO2, and the phase of LiTiO2

existed as the major phase. From Figure 6(b), with the
increase of Na2O from 0 to 10 pct, the intensity of the
perovskite diffraction peak gradually enhanced, and the
increase of Na2O in slags promoted the precipitation of

Fig. 7—Crystallization behavior of mold slags with the Li2O content of (a) 2 pct and (b) 6 pct.
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CaTiO3, and enhanced the crystallization ability of the
high TiO2 containing mold slags. It has been demon-
strated that with an increase in Na2O content in the slag,

the precipitation of high melting point perovskite
increased, and the break temperature increased, which
ultimately resulted in a trend of increasing slag viscosity
at 1300 �C.

C. Crystallization Behavior and Temperature

The crystallization behavior of mold slags with Li2O
of 2 and 6 pct is compared in Figure 7, and the initial
crystallization temperature, complete crystallization
temperature and average crystallization rate are shown
in Figure 8 with different cooling rates and Li2O
contents. From Figures 6 and 7, with the Li2O content
from 2 to 6 pct, the crystallization phase gradually
changed from CaTiO3 to LiTiO2, and the morphology
of the crystalline nucleus changed from the type of spiky
star to barbed sphere, which would affect the crystal-
lization ability of slags. With 12 pct TiO2 in slags, the
crystallization ability was strong, so the cooling rate of
the measurement was chosen as 1 to 4 �C/s. The initial
crystallization temperature of slags with Li2O of 0 and
8 pct was above 1350 �C, which was not measured.
From Figure 8, with the increase of the Li2O from 0 to

Fig. 8—(a) Initial crystallization temperature, (b) complete crystallization temperature and (c) average crystallization rate of mold slags with the
Li2O content of 2~6 pct.

Fig. 9—Initial and complete crystallization temperature, and average
crystallization rate of mold slags with different Na2O contents of
2~10 pct.
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6 pct at different cooling rates, the initial crystallization
temperature and the complete crystallization tempera-
ture of these slags decreased and then increased, while
the average crystallization rate changed less, indicating
that the transition of crystallization phase from CaTiO3

to LiTiO2 increased the overall crystallization temper-
ature, but the difference of crystallization rate of these
two phases was small. With the increase of the cooling
rate from 1 to 4 �C/s, the initial and complete crystal-
lization temperature decreased, while the average crys-
tallization rate increased from ~ 0.6 to ~ 2.7 s�1,
indicating that large supercooling promoted the growth
of crystals in current slags. Hence, with the increase of
Li2O from 0 to 4 pct, the crystallization ability of these
high TiO2-containing slags decreased, while that greatly
increased with the Li2O from 4 to 8 pct and the increase
of the cooling rate.

In Figure 9, the initial crystallization temperature,
complete crystallization temperature and the average
crystallization rate are compared with different Na2O
contents in slags at the cooling rate of 0.2 �C/s. In
current slags, the crystallization ability was weak with
low Na2O content, and the crystallization process of the
mold slag cannot be observed with the high cooling rate
of 1~4 �C/s, so the cooling rate of 0.2 �C/s was selected

for the study of different Na2O mold slag. From
Figure 9, with the increase of Na2O content from 2 to
6 pct, the initial and the average crystallization temper-
ature of mold slags increased from 1202 �C to 1260 �C
and 0.18 to 0.23 s�1, respectively, while the complete
crystallization temperature increased from 1093 �C to
1205 �C with the Na2O from 2 to 10 pct. The variation
of initial crystallization temperature of the perovskite
(CaTiO3) through thermodynamic calculation in Fig-
ure 5 and measurement in Figure 6(b) had the same
tendency. Hence, the increase of Na2O in current slags
promoted crystallization ability through the increase of
the crystallization temperature and rate.

V. STRUCTURE OF MOLD SLAGS THROUGH
RAMAN SPECTRUM

A. Crystallization of Water-Quenched Samples

The XRD crystal phase analysis results of the
water-quenched samples are shown in Figure 10. The
obvious characteristic peaks of LiTiO2 and CaTiO3

appeared in the spectrum, when the Li2O content
reached 6 pct, and Na2O content reached 8 pct.

Fig. 10—XRD results of these mold slags under the water cooling.

Table II. Correspondence Between Raman Shift and Structural Units

Raman Shift (cm�1) Structure Unit References

550 Al–O–Al [45–49]
659~676 O–Si–O [9]
722~738 O–Ti–O [50, 51]
750~800 Al–O� (monomer) [13, 27, 51–53]
850~880 Q0 ([SiO4

4�] monomer), or Ti–O–Ti (Ti–O–Si) structural groups [54–57]
900~930 Q1 ([Si2O7

6�] polyhedra) [54, 55]
940~980 Q2 ([Si2O6

4�] chain) [56, 57]
1010~1040 Q3 ([Si2O5

2�] sheet) [58–60]
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Fig. 11—Peak fitting results of Raman spectrum of mold slag with different Li2O content.
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Water-cooled slag structure was performed using
Raman spectroscopy to determine the effect of compo-
nent changes. The impact of a small amount of
crystallization on the slag structure was considered in
the result analysis.

B. Structural Units of Mold Slags with Different Li2O
and Na2O Contents

Different displacements correspond to the expansion
and deformation vibration of different structural units,
and the corresponding relationship is shown in Table II.
Area fractions of various bands in the middle frequency
of 500 to 1100 cm�1 could be calculated from decon-
volved spectra data.

The Gaussian deconvolution of the Raman spectrum
and peak fitting results in the mold slags are shown in
Figure 11 of different Li2O, for which all Raman spectra
are successfully fitted at the frequency range of 500 to

1100 cm�1. The main peak of the Raman spectrum
curve was located near 830 cm�1, and the highest peak
was slightly red-shift to the low-frequency region with
the increased Li2O content. The width of the main peak
gradually decreased, and the structural units in the slag
were more concentrated near the peak. Figures 11(b),
(c), (d), (e) shows that, with the addition of Li2O from 0
to 6 pct, the tensile vibration of the simple structural
units Al–O� and Q0 (Ti–O–Ti or Ti–O–Si) gradually
increased in the region of 750 to 880 cm�1. Due to the
high SiO2 content, the slag is primarily composed of
silicate structure, only a small portion of the titanoalu-
minate structure. The fractions of Q1, Q2 and Q3 units in
the silicate zone gradually decreased in the region of 900
to 1100 cm�1. The Ca2+, Ba2+, Na+, and Li+ ions
enriched in the negatively charged Al–O� tetrahedra
provide charge compensation in the vicinity of the
tetrahedra to charge balance, and provide O2� ions to be
used to depolymerize the bridged-oxygen network
bonds.[61,62] It means that the increase in Li2O content
changes the complex network structure into simple
silicate and titanium-aluminate monomers, the slag
polymerization decreases and the structure becomes
simpler.
The structural unit proportion of the mold slags at

different Li2O contents are statistically analyzed in
Figure 12. As can be seen from Figures 12(a) and (b),
with the addition of Li2O, the Al–O–Al and O–Si–O
structure units remained stable, the O–Ti–O, Al–O� and
Q0 structure units exhibited an increasing trend, the Q1,
Q2 and Q3 structure units showed a decreasing trend.
This implies that some depolymerizations between Q1,
Q2 and Q3 complex structure units occur. It is proposed
that Li2O behaved as a network modifier in the molten
slag,[28,29] and the dissociation of O2� ions depolymer-
ized the complex network structure, generating more
non-bridging oxygen. The ratio of simple structures unit
(Al–O�+Q0) and complex structures unit (Al–O–Al+
Q1+Q2+Q3) can be utilized to characterize the

Fig. 12—Structural units proportion of mold slag with different Li2O content.

Fig. 13—Viscosity and structure complexity with varying content of
Li2O in slag.
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structural complexity of the containing TiO2 slag.
Figure 13 shows viscosity and structural complexity
with the addition of Li2O in slag. The structure
complexity decreases with the increasing Li2O content.
Consequently, the structure of the slag was simplified
and the viscosity of the mold slag was reduced.

C. Structural Units of Mold Slags with Different Na2O
Contents

The effects of different Na2O on the Raman spec-
troscopy and fitting results of the mold slag are shown in
Figure 14, for which all Raman spectra are successfully
fitted at the frequency range of 500 to 1100 cm�1. There

Fig. 14—Peak fitting results of Raman spectrum of mold slag with different Na2O content.
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was only one peak near 810 cm�1 in Raman spectra.
The position of the highest peak moved slightly blue-
shift to the high-frequency region and the intensity of
the peak was higher and the width was narrower with
the addition of Na2O content from 2 to 6 pct. Fig-
ures 14(b), (c), (d), and (e) shows that, with the addition
of Na2O, the tensile vibration of the simple structural
units Al–O� and Q0 gradually decreased in the region of
750 to 880 cm�1. The fractions of Q1, Q2 and Q3 units in
the silicate zone gradually become stronger in the region
of 900 to 1100 cm�1. Furthermore, the wave peaks
began to move towards the high-frequency region, the
width increased, and the distribution of structural units
became more dispersed.

In Figure 15, the structural units proportion of the
mold slag at different Na2O contents are statistically
analyzed. Based on Figures 15(a) and (b), with the
addition of Na2O from 2 to 6 pct, the Al–O–Al structure
units remained stable, the O–Si–O, O–Ti–O and Q3

structure units decreased slowly, and the Q0 and Q1

structural units maintain growth trend; the Al–O�

structural units had a tendency to increase and then
decrease, whereas the Q2 structural units exhibit the
opposite trend. When Na2O exceeds 6 pct, Al–O�

structure began to decrease, Q1 and Q2 begin to increase,
the O–Ti–O bond also decreases, and the structure of
slag becomes more complex. The ratio of simple
structures unit (Al–O�+Q0) to complex structures unit
(Al–O–Al+Q1+Q2+Q3) can be used a measure of
the structural complexity of the slag. This means that
Na2O can decrease the degree of polymerization of the
slag and the viscosity of the mold slag was decreased (at
1400 �C). Figure 16 show viscosity and structural
complexity with the addition of Na2O in slag. When
the Na2O content exceeds 8 pct, the crystallization
ability of the slag is increased, and the precipitated
microcrystals will affect the structural distribution of the
slag. At a temperature of 1300 �C, the slag crystalliza-
tion ability affects its viscosity. Therefore, the dotted
area of structural complexity in Figure 16 shows a

downward trend. As a result, there is an opposite
relationship between the viscosity of slag at 1300 �C and
1400 �C.

VI. CONCLUSIONS

The effects of different contents of Li2O and Na2O on
physicochemical properties of the CaO–SiO2-based
mold slags for casting high-Ti steels were critically
assessed. The basic properties such as Tm and viscosity
of high-Ti steel mold slag were tested by rotary
viscometer and hemisphere point method. The crystal-
lization properties of mold slag, such as crystallization
thermodynamics, crystallization phase and crystalliza-
tion temperature, were studied using FactSage 8.1
software, modified full-field high-temperature confocal
microscope, and XRD. The effects of typical compo-
nents on the microstructure characteristics of the melt
were analyzed by Raman spectroscopy. The conclusions
are as follows:

Fig. 15—Structural unit proportion of mold slag with different Na2O content.

Fig. 16—Viscosity and structure complexity with varying content of
Na2O in slag.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 55B, JUNE 2024—1893



1. With increasing Li2O content, the viscosity and Tm of
mold slag at 1300 �C decreased from 0.54 to
0.01 Pa s, and from 1151 �C to 884 �C, respectively.
With increasing Na2O content, the viscosity at
1300 �C increased from 0.20 to 0.62 Pa s, while the
viscosity at 1400 �C decreased from 0.16 to 0.09 Pa s,
and Tm decreased from 1195 �C to 1077 �C. It means
that the addition of Na2O enhances the crystalliza-
tion ability of the mold slag and thus influences the
trend of slag viscosity at 1300 �C.

2. The first precipitated perovskite (CaTiO3) phase and
the crystallization temperature of mold slag de-
creased gradually with the increase of Li2O content (0
to 4 pct). The first precipitated temperature of per-
ovskite (CaTiO3) increased, and the precipitated
cuspidine (Ca4Si2F2O7) phase decreased, with the
increase of Na2O (2 to 8 pct). XRD results shown
that the crystalline mineral phase in the slag was
transformed into LiTiO2 as Li2O content was 6 pct,
and the crystallization temperature of the slag in-
creased. Na2O was the opposite. When the Li2O
content was constant, the initial crystallization tem-
perature gradually decreased, the average crystal-
lization rate increased, and the morphology of the
crystalline nucleus changed from the type of spiky
star to barbed sphere with the Li2O increased from 2
to 6 pct. With the increase of Na2O content from 2 to
6 pct, the initial and the average crystallization tem-
perature of mold slags increased at the cooling rate of
0.2 �C/s.

3. With increasing Li2O content, the Al–O–Al and
O–Si–O structure units remained stable, the O–Ti–O,
Al–O� and Q0 structure units exhibited an increasing
trend, and the complex structural units of Q1, Q2 and
Q3 were depolymerization. The total polymerization
degree and viscosity of the slag decreased. With the
addition of Na2O from 2 to 6 pct, the Q0 and Q1

structural units maintain growth trend; the Al–O�

structural units had a tendency to increase and then
decrease, whereas the Q2 structural units decrease
and then increase, and the structure of slag (at
1400 �C) becomes more simpler.
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