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Abstract: The effect of TiO, on viscosity of low-fluoride CaF,-CaO-Al,03-MgO-Li,O slag for electroslag remelting was
investigated under continuous cooling conditions and the Fourier transform infrared (FTIR) and the Raman spectroscopy were
employed to analyze the correction between the quenched slags and corresponding structure. Results show that the slag
viscosity decreases with increasing the TiO, content. At the TiO, content up to 13.1wt%, the corresponding viscosity values
slowly decrease from 0.067, 0.059, 0.056 Pa-s to 0.054 Pa-s as the temperature increases from 1743, 1793, 1843 K to 1893 K
and at higher temperature of 1843 K or above, TiO addition has a relatively small effect on lowering the slag viscosity. The
calculated activation energy of viscous flow decreases from 58.0, 47.7, 42.8 kJ/mol to 38.6 kJ/mol with increasing the TiO,
content from 0 wt%, 4.3 wt%, 8.7 wt% to 13.1 wt%. Additionally, the FTIR results reveal that with the addition of TiO,,
[AlO,F4.,]-tetrahedral complexes and [AlO4]-tetrahedral network structures depolymerize, but [AlO¢]-octahedron is not found
in the slag. Simultaneously, it can be seen from the Raman spectra that with the addition of TiO», the depolymerization of the
Al-O-Al linkage occurs in the [AlO4]-tetrahedral network structures, the part Q* units transform to Q* units and the O-Ti-O and
Ti-O-Ti chains form. These results suggest that polymerization degree of these slags decreases with increasing the TiO-

content, which is beneficial to simplify slag structure. Finally, the changed slag structure is in good agreement with

corresponding varying viscosity.
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The slag viscosity is one of the important indicators of
thermophysical chemical properties for electroslag remelt-
ing (ESR) process. In order to obtain a relatively low vis-
cosity of the melt slags, many enterprises use a large
amount of CaF, in ESR slag systems to reduce the melting
temperature and viscosity due to the pronounced character-

istics of CaF,!"

. However, the used slags can produce
harmful and volatile fluorides which are generated by the
chemical reaction of calcium fluoride and other oxides, re-
sulting in varying chemical composition and then affecting

the viscosity of the ESR slags™

. Meanwhile, the slag vis-
cosity has an effect on deep desulfurization, non-metallic
inclusions and dense cast structure of metal, and also di-

rectly affects the two parameters of the velocity of molten
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metal droplets and the intensity of electromagnetic stirring
force™. Hence, studying viscosity change of the
low-fluoride slag systems is of great significance for ex-
ploring the volatile behavior of the slags and controlling the
steel quality during ESR process.

Nowadays, the most extensive ESR slag systems are
usually composed of different components such as CaF,,
CaO and AlL,0;. To develop new slags suitable for specific
smelting, such as nickel-based superalloy, a small amount
of Si0,, MgO and Na,O, as well as TiO, are added to the
ternary basic slag to gain some well-defined properties such
as optimal electric resistance, low viscosity, and stable
content of slag. For the nickel-based superalloy containing
Al and Ti, the addition of TiO, can regulate the influence of
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Al O3 in the slag on the Al and Ti contents in the molten

metal®

. This result is beneficial to provide stable melting
conditions and obtain high quality as-cast ingot. Therefore,
many previous studies have discussed the influence of a
small amount of TiO, on viscosity and structure of metal-
lurgical slag. Shi et al’™ revealed the effect of TiO, on the
ESR 51.5%CaF,-Ca0-Al,03;-MgO slag, and found that the
viscosity decreases with increasing the TiO, content. Sohn
et all® investigated the influence of TiO, on viscous behav-
ior of CaO-Al,0;-Si0,-MgO slag system for the blast fur-
nace, and the results show that TiO, content can lower the
viscosity by depolymerizing the slag network structure. Shi
et al”! found that TiO, addition can lower the viscosity of
35%CaF,-Ca0-Al,0;-MgO slag system for ESR, where
CaO/Al,O5 ratio is a constant of 0.9. Li et al™ found that
the viscosity of about 10%CaF,-Ca0O-Al,05;-MgO-Li,0O-
Na,O mould fluxes for high Al steel casting decreases with
increasing the TiO, content, whereas the highest tempera-
ture of the viscosity reaches 1723 K. Chang et al® found
that TiO, can Ca0-Si0,-Al,0;-
MgO-MnO slag by modifying the silicate network structure

depolymerize the

and breaking the linkage between the silicate and aluminate
structure to decrease viscosity of the slag, while this has lit-
tle effect on aluminate structure of the slag. However, many
scholars have studied the TiO, on viscosity and structure of
the medium and fluoride-free slags but there are few re-
searches on low-fluoride slag systems, especially when the
mass fraction of CaF, in the slag is below 25%. This study
provides an idea to study the low-fluoride slag containing
TiO, for ESR.

In the current study, the effect of TiO, on viscosity and
structure of CaF,-Ca0-Al,0;-MgO-Li,O slag for electro-
slag remelting was investigated using rotating cylinder
method. The correlation between slag structure and corre-
sponding viscosity was analyzed by the Fourier transform
infrared (FTIR) and the Raman spectroscopy.

1 Experiment

1.1 Preparation of samples

Analytical reagent-grade CaF, (>98.5%), CaCO;
(>98.0%), ALO; (299.0%), MgO (=98.0%), Li,CO;
(299.9%) and TiO, (299.0%) powders were prepared to de-
sign the typical slag samples for ESR. The mass radio of
Ca0/Al,0; was fixed at 0.90, and TiO, was varied from 0%,
4%, 8% to 12%, while chemical composition for other
components maintained constant. Before batching, the
CaCO; and Li,CO; powders were calcined in a muffle fur-
nace at 1323 and 973 K for 10 h to obtain corresponding
pure CaO and Li,O powders, respectively. Then the
weighted samples were firstly mixed mechanically in a
mortar and subsequently pre-melted in molybdenum cruci-
ble protected on the outside of the graphite crucible in
high-temperature well-type pit furnace at 1773 K (1500 °C)

for 10 min to ensure complete melting and homogenized
chemical composition. After pre-melting, the slag samples
were quenched by a water-cooled copper plate rapidly, and
later crushed and ground into fine powders. All-quenched
slags were identified as amorphous substance by XRD
analysis, as shown in Fig.1. X-ray fluorescence (XRF)
spectroscopy (Rigaku ZSX Primus II, Japan) was then em-
ployed to analyze the chemical composition of the
pre-melted slags. The chemical composition of the slag be-
fore and after pre-melting is listed in Table 1.

1.2 Measurements of dynamic viscosity

The HRV-1600P viscometer (Sinosteel Luoyang institute
of Refractories Research Co., Ltd, Luoyang, China) was
employed to determine the viscosity of the quenched slags
using a rotating cylinder method. The schematic diagram of
the experimental apparatus is shown in Fig.2. The dimen-
sions of molybdenum (Mo) crucible and Mo spindle for the
viscometer are presented in Table 2.

Before the viscosity measurement, the viscometer was
calibrated by standard castor oil with known viscosity at
room temperature. The weighed 140 g quenched slags for
each sample were placed into a Mo crucible protected by
graphite for 20 min in high temperature well-type pit fur-
nace with high-load U-type MoSi, electric bar to homoge-
nize the molten slags. Subsequently, the Mo spindle was
immersed into molten slag bath and rotated. Of particular
note was that both the Mo crucible and the spindle should
be properly aligned along the axis of the viscometer as a
light deviation from the axis can cause large experimental
errors, and the distance between top of viscosity spindle
and bottom of the Mo crucible maintained a constant value
of 10 mm. Next, the slag viscosity values at a speed of 200
r/min with a Mo spindle were measured and collected, dur-
ing the continuous cooling process at a rate of 3 K/min.
After completing the viscosity measurement, slag sample
was reheated to 1823 K to pull out the spindle for the next
test of experiments. In the whole experiment of viscosity
measurement, high purity argon (99.99%) was the protec-
tive gas.

1.3 Determination of structure
The quenched slag samples were performed on FTIR
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Fig.1 XRD patterns of as-quenched slag samples
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Table 1 Chemical composition of studied slags before and after pre-melting (wt%)

Before pre-melting

After pre-melting

Sample CaF, CaO AL Os MgO Li,O TiO, CaF, CaO AlLO; MgO Li,O TiO,
P1 23 33.6 37.4 2 4 0 17.6 39.54 37.9 2.46 2.5 0
P2 23 31.7 353 2 4 4 16.5 38.37 35.87 2.36 2.6 4.3
P3 23 29.8 33.2 2 4 8 15.85 37.24 33.2 2.41 2.6 8.7
P4 23 27.9 31.1 2 4 12 14.68 36.06 31.55 2.41 2.2 13.1
The influence of TiO, on the viscosity of

1
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1-Ar gas; 2-viscometer; 3-firebrick lid; 4-alumina tube; 5-MoSi,

heating element; 6-shaft; 7-graphite crucible; 8-Mo crucible; 9-Mo
spindle; 10-refractory; 11-gas inlet; 12-computer; 13-gas outlet;

14-program controller; 15-B-type thermocouple

Fig.2 Schematic diagram of experimental apparatus

Table 2 Dimensions of the crucible and spindle

Mo crucible Size/mm Mo spindle Size/mm
Inner diameter 40 Diameter 15
Outer diameter 50 Height 20

Height 80 Submerged length 20

spectrometer (Nicolet iN10 MX, USA) and Raman spec-
trometer (LabRAM HR Evolution, HORIBA, France) to
identify the influence of TiO, on the structure of the ap-
pointed slags. FTIR absorbance spectra of the samples was
recorded within the wavenumber range of 1100~400 cm™ by
an [R-spectra that equipped with potassium bromide pellets
technique. The Raman spectra was collected in the frequency
range of 400~1500 cm™' at room temperature using excitation
wavelength of 532 nm. Furthermore, the Raman spectra was
fitted by assuming Gaussian functions for the peaks of dif-
ferent structural units using the Peak Fit V4 Software.

2 Results and Discussion

2.1 Effect of TiO, content on viscosity

CaF,-Ca0-Al,0;-MgO-Li,0 slag system is presented in
Fig.3. It can be observed that the viscosity of quenched
slags decreases with the addition of TiO,, which is in
agreement with some previous studies on different slag
systems"*). when TiO, content reaches 13.1 wt%, viscosity
values slowly decreases from 0.067, 0.059, 0.056 Pa-s to
0.054 Pa's as the temperature increases from 1743, 1793,
1843 K to 1893 K, which is relatively stable than the vis-
cosity with 4.3 wt% TiO, addition. In the meantime, at
higher temperature of 1843 K and above, TiO, addition has
only a relatively small effect on lowering the slag viscosity,
which may be attributed to the fact that the slag has suffi-
cient excess thermal energy at high temperature to modify
the network structures of the slag''”. Additionally, since the
viscosity of the melt slags is closely related to the slag
structure, downward trend in viscosity with increasing the
TiO, content seems to indicate that the addition of TiO, is
closely related to the corresponding structure.

The effect of TiO, on the slag viscosity of CaF,-CaO-Al,O;-
MgO (CCAMT) and CaF,-Ca0-Al1,0;-MgO-Li,0
(CCAMLT) slag is listed in Fig.4. From Fig.4, it can be
noted that TiO, in both two slags can lower the slag viscosity,
but the viscosity values in the present study as a whole is
lower than that of Shi’s " study, with an increase of TiO,
content. This result can be attributed to the pronounced role
of Li,O addition in the slag. What’s more, Shil", Kim!"¥, and
Qi et al'™! have found that the slag viscosity decreases with
increasing the Li,O content, which can be used to explain the
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Fig.4 Effect of TiO; on the slag viscosity of CCAMT and present
CCAMLT slag

phenomenon that the viscosity of this experiment is lower
than that of Shi’s study.

According to the previous studies, TiO, acts as an alka-
line oxide and can provide free oxygen ions (O”) to break
bridge oxygen in the tetrahedral structure of silicate or
aluminate structures of the slag systems'!. However, TiO,
also acts as an acidic oxide to increase polymerization de-
gree of the slags''*. Although the slag viscosity decreases
with increasing the TiO, content according to the experi-
mental results of this study, the understanding of structural
changes is still unclear. Therefore, the correlation between
viscosity and structure will be introduced.

2.2 Temperature dependence and activation energy

For the thermophysical properties of the melt slags, the
temperature dependence of the viscosity is usually de-
scribed in terms of Arrhenius-type Eq.(1):

y=Aexp(E,/RT) (1)
where p is the viscosity (Pa's), 4 is the pre-exponential
factor (Pa's), E, is the activation energy for viscous flow
(J/mol), R is the ideal gas constant, and 7 is the absolute
temperature (K). The activation energy of viscous flow is
considered as the activation energy required for the flow
unit to flow from the first equilibrium position to the next
one!"l,

Taking the natural logarithm on both sides of Eq.(1) and
to get the following Eq.(2):

Iny=InA+E ,/RT 2)

Fig.5 presents the temperature dependence of the designed
slags, and the natural logarithm of the viscosity is a fitting
function of the reciprocal temperature. By acquiring the slope
of fitted linear relationship in Fig.5, the activation energy of
viscous flow is calculated for each low-fluoride slag.

The activation energy of viscous flow with increasing the
TiO, content is shown in Table 3. It can be noted that the
activation energy of viscous flow decreases from 58.0, 47.7,
42.8 kJ/mol to 38.6 kJ/mol with increasing the TiO, content
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Fig.5 Temperature dependence of viscous flow of CaF,-CaO-
Al,03-MgO-Li,0 on TiO; contents

from 0 wt%, 4.3 wt%, 8.7 wt% to 13.1 wt%, which is simi-
lar to the degressive trend of experimental viscosity data of
melt slags. This result indicates that polymerization degree
for viscous flow of the slags decreases with the addition of
TiO, content. Therefore, the activation energy of viscous
flow can be used to test the slag viscosity or predict the
change of the slag structure simply.

2.3 Effect of TiO, content on the molten slag struc-

ture

Fig.6 exhibits the FTIR spectra of the CaF,-Ca0-Al,O;-
MgO-Li,0 slag system as a function of wavenumber under
varying TiO, content conditions. From the FTIR spectra in
Fig.6, it can be found that the spectra can be divided into
three wavenumber ranges: 940~720, 720~600 and 600~500
cm”', which correspond to the asymmetric stretching vibra-
tion of the [AlO,F,,]-tetrahedral complexes (n=0~4),
[AlO4]-tetrahedron and [AlOg]-octahedron, respectively["’].
What’s more, the bending vibration of Al-O-Al linage is
also observed at the wavenumber of 450 cm™ !'7> '],

For the asymmetric stretching vibration of the [AlO,F,.,]-
tetrahedral complexes at the wavenumber range of 940~720
cm’™, the trough of the FTIR spectra for free TiO, content
(slag P1) is significantly wider than the trough for the 4.3
wt% TiO, content (slag P2), which indicates that a wider
trough presents a more structured aluminate tetrahedral
network!'?!. In other words, degree of polymerization of the
[AIO,F,.,]-tetrahedral complexes decreases with increasing
the TiO, content. Simultaneously, due to volatility of fluo-
ride at high temperature, it can be inferred that F’

Table 3 Activation energy for viscous flow of slag samples

(kJ/mol)
Sample Pl P2 P3 P4
Activation energy 58.0 47.7 42.8 38.6
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Fig.6 FTIR spectra of CaF,-CaO-Al,03;-MgO-Li,0 slag system
with different TiO, contents

in the form of [AIO,F,.,]-tetrahedral complexes in molten
metal is much less than O” ions which are in the form of
tetrahedral complexes based on Al ions, which results in
[AlO4]-tetrahedral complexes accounting for a large pro-
portion in the [AlO,F, ,]-tetrahedral complexes. Addition-
ally, at wavenumber of approximately 660 cm™, an obvious
bulge appears, and it gradually disappears with increasing
the TiO, content. This result indicates that TiO, acts as a
network modifier in the slag, and the [AlO,]-tetrahedral
complex network is depolymerized to relatively simple struc-
tural units""”’. Nevertheless, the FTIR spectrum curves do not
change much in the wavenumber range of 600~500 cm™ with
increasing the TiO, contents, which may be attributed to the
fact that the amount of [AlOg4]-octahedron in the slag has no
residue.

Though the above analysis, the general variation of the
[AIO,F, ]-tetrahedral complexes, the [AlO,]-tetrahedral
network and [AlOg]-octahedron are observed, but the varia-
tion of AI-O-Al linage and other newly generated structured
units are not found. Therefore, the Raman spectroscopy was
employed to further analyze the structural behavior of the
experiment slag system.

2.4 Raman spectra of the slag samples

The original Raman spectra of four quenched slag sam-
ples with varying TiO, contents at room temperature are
presented in Fig.7. As shown in Fig.7, three different bands
are concentrated in the frequency range of 500~600,
600~700 and 700~900 cm™. It can be observed that the
spectrum peak of 700~900 cm™ gradually shifts from low
frequency to high frequency with the increase of TiO, con-
tent, which may be due to the fact that the addition of TiO,
results in quantitative or morphological changes of each
units. Additionally, the relative intensity of each frequency
range of 600~700 cm™ band in the present research is very
weak compared to other bands. Accordingly, the influence
of each structural unit in the 600~700 cm™' frequency region
will be ignored.

Slag P4
SlagP3

Slag P2
Slag P1

Intensity/a.u.

500 600 700 800 900 10001100
Raman Shift/cm™

Fig.7 Original Raman spectra for CaF,-CaO-Al,03;-MgO-Li,O

slag with varying TiO, contents

Fig.8 shows the typical deconvolution peaks of the Ra-
man spectra with varying TiO, contents at room temperature.
All backgrounds of the Raman signals are subtracted. The
Raman spectra are deconvolved by Gaussian-Deconvolution
method with the minimum correction coefficient of r*>
0.995. All Raman spectra are successfully fitted at the fre-
quency range of 470~940 cm™. According to the deconvo-
lution results, the TiO,-free slag consists to three peaks near
550, 730, and 790 cm™’. The deconvolution peak at around
550 cm™ pertains to transverse motion of bridged oxygen
within Al-O-Al linkage for the [AlO,4]-tetrahedral network

20-211 The Raman spectroscopy structure of TiO,-free

units!
aluminate shows that the peaks at about 730 and 790 cm’
are due to symmetric Al-O stretching vibration and referred
to Q* (non-bridging oxygen per tetrahedrally coordinated
cation, NBO/AI=2) and Q* (NBO/AI=0), respectively>" **.
However, when TiO, is added in slag, the new peak of Ra-
man spectra of the slag appears at frequency range of
700~728 cm’ and 820~843 cm’', and the peak near 756
cm’ emerges. According to the study of Mysen et al® the
frequency peak in the range of 820~843 cm’ is interpreted
as the presence of Ti,Og" (Ti-O-Ti stretching) chain in the
melt slags, indicating that Ti*" enters into the glasses in the
form of Ti2064' chain structure unit, and the peak in the
range of 700~728 cm’' is attributed to O-Ti-O deformation
vibration. Meanwhile, the emerging band at 756 cm’' is at-
tributed to a symmetric stretching vibration of the AlO,
units (NBO/AI=2) **!. This result suggests that the band of
Q* unit shifts from the low frequency to high frequency
with the addition of TiO, due to the increase of CaO content
in the slag, and the phenomenon is similar to offset direc-
tion of Q”unit according to study of Shi et al’).

Fig.9 shows the relative fraction of Raman structural
units and the relative height of Al-O-Al bond for
CaF,-Ca0-Al,0;-MgO-Li,O slag with varying TiO, con-
tents. It can be observed from Fig.9 that the fraction height
of Al-O-Al linkage decreases with increasing the TiO,
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Fig.8 Typical deconvoluted peaks of the Raman spectra under varying TiO, contents: (a) 0 wt%, (b) 4.3 wt%, (c) 8.7 wt%, and (d) 13.1 wt%

content for the [AlOg4]-tetrahedral units. Especially when a
small amount of TiO, is added, the fraction height of
Al-O-Al linkage decreases rapidly, which can be interpreted
by the decreased trend of experimental viscosity with the
small amount of TiO, addition. Meanwhile, it can be seen
that the Q* units are depolymerized to aluminate structural
units Q with TiO, addition in the slag. This is because Q*
units are firstly depolymerized to instable units Q3 and it
has the following relation to Q* and Q*: Q* = Q> + Q***,

Moreover, new structural bands of O-Ti-O and Ti-O-Ti
chains are formed in the frequency range of 700~728 and
820~843 cm™, respectively, due to the addition of TiO,* %1,
The relative fraction of Ti-O-Ti gradually increases with
increasing the TiO, content, which is attributed to the fact
that the center of partial AP’" ions in the [AlO,]-tetrahedral
network structures is substituted by Ti*" ions to form of
[TiO4]-tetrahedron with the addition of TiO,, and this is
beneficial to simplify slag structure, according to the re-
ports of Zhen et al®. Also, it can be found that when TiO,
content is greater than 4.3 wt%, the total number of O-Ti-O
and Ti-O-Ti chains basically remains constant and the rela-
tive fraction of O-Ti-O chain decreases with the addition of
TiO,, suggesting that Ti-O-Ti chains can be obtained by
O-Ti-O deformation vibration.

Based on FTIR and Raman spectroscopy analysis, it can
be seen that the relative amount of [AlO,F,.,]-tetrahedral
[AlO,]-tetrahedral
O-Ti-O chain decreases and Ti-O-Ti chain increases, as

complexes, network structure and

well as transformation from Q" to Q” in [AlO,]-tetrahedral
network structure. These results are due to the use of TiO,
in the slag as a basic oxide to provide free O° ions which
destroy the bridge oxygen bond in the complex network
structure and Ti*" cations which form simple structures with
other anions. Simultaneously, the complex network struc-
ture tends to be simplified, which is consistent with the de-
creased viscosity with increasing the TiO, content. Therefore,
whether TiO, acts as acidic or basic oxides in the slag, it
will directly affect the complexity of the micro network
structure and the macro viscosity.
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BEER P TiO, XK & CaF,-Ca0-Al1,0;-MgO-Li,O ;& §i [ fn45 84 221

Ededh 2, MReh ' o REE Y, R
(1. PUEEHRHE RS WE TR, BIG 75% 710055)
Q. BEPIA RS TREABI L, B 7% 710055)

B . IR TEEA MM T REBES P TiOo, WL CaF,-Ca0-A1L,03-MgO-Li,O ¥ 55 B (K550, T A8 B A8 e 21 20 ' 1% A
PGS T K P RO NS RI C R . SRR, W RIRIE A Tio, M NI REML, 4 TiO, & =ik H] 13.1% (R34, TR,
BEAE UL E M 1743, 1793, 1843 K 4N 1893 K i, XFMZHE M 0.067, 0.059, 0.056 Pa-s [£{K %] 0.054 Pa-s; Mili Fik#] 1843 K
2 I, TiO, N A BRAR 5 B2 BN 5200 o BE & TiO, & 5L M 0%, 4.3%, 8. 7% N2 13.1%, Fh i i fb BE M 58.0, 47.7, 42.8 kJ/mol
PR3 38.6 kI/mol. ttAh, fH AR LS GIER I, B TiO, KA, # 1 [A10,Fa.,]- DY T A4 25 6 ) R A104]- DY T 4 4 1R 205 48
58, ARBAT RBL[AIO]- )\ A&k, W, $7 2604 L8], TiOy BN A iR S8 [A1OL]- VU TH 4R MR 45 ¥ b Al-O-AL &, 3F H Q*
FOTHAR S Q* # T, [FIHY B B O-Ti-O Al Ti-O-Ti . IX 4L 45 ALK MY Tio, 7] PRI R &, F AR TENSEHE Bk, kL,
05 AR AN T (0] I 5 4 A AR T 0 — B

AR TS MR T HL AR AN 2ok

R B, 5, 1973 4874, W4, BREEB LRI, MWREFRPEFE S LR, BRIT 7% 710055, Bik:
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