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EFFECT OF BaO AND Li,O ON BASIC CHARACTERISTICS OF MOLD FLUXES
WITH DIFFERENT BASICITY

Lubrication and heat transfer control are two significant functions of mold fluxes. In order to coordinate the contradiction
between lubrication and heat transfer, the effects of BaO and Li,O on basic characteristics of CaO-SiO, based mold fluxes were
studied by hemispherical melting temperature instrument, rotating cylinder method, X-ray diffractometer (XRD) in present study.
The results show that the melting temperature and viscosity at 1300°C all represent a downward trend with BaO and Li,O en-
hancement at different basicity, and the break temperature decrease with BaO addition while decrease and then increase with Li,O
addition, which illustrates that Li,O content should be no more than 0.8 wt% for the purpose of lubrication. Meanwhile, to ensure
a sufficient thickness of the liquid slag film and avoid discontinuity of the liquid slag film, the BaO content is better to be 10 wt%
with low melting temperature and viscosity. The main crystalline phase in the mold fluxes is cuspidine (3Ca0O-2SiO,-CaF,), and
the crystallization ratio rises sharply when basicity increased to 1.65. For better deal with the contradiction of lubrication and heat
transfer, the mold fluxes composition w(BaO) = 10 wt%, w(Li,O) = 0.8 wt%, R >1.65 is reasonable, which has a profound impact

on high crystallization and lubricity mold fluxes.
Keywords: mold fluxes; lubrication; heat transfer

1. Introduction

At the end of 1980s, in order to enhance the production
efficiency of continuous casting, the development and research
of high-speed continuous casting process demonstrated by
thin slab continuous casting and rolling technology started in
the world [1-3]. Compact Strip Production (CSP) has received
extensive attention due to its highly compact design, low cost,
and low energy consumption [4]. As a key functional material
and important technology in thin slab continuous casting, mold
fluxes can prevent molten steel from oxidation, absorb inclu-
sions, insulate heat, lubricate slab, and control heat transfer [5].
The mold fluxes will flow into the gap between the slab and the
copper wall after melting, forming a solid slag film and a liquid
slag layer. The solid slag film is formed near the mold wall to
control the transverse heat transfer [6-7], and the liquid slag film
is formed near the strand shell, of which the thickness impacts
the lubrication effect. Therefore, the heat transfer and lubrication
behavior of mold fluxes directly affect the smooth running of
continuous casting and product quality [8-9].

With the development of CSP thin slab continuous casting
and the increase of casting speed, the contradiction between
lubrication and heat transfer of traditional mold flux for crack-
sensitive steel is more and more difficult to reconcile. A lot of
research have been carried out that one of the commonly used
methods is to upgrade the crystallization characteristics of
mold fluxes, which weaken the heat flux density from solidi-
fied shell to the mold wall, so as to alleviate longitudinal crack
on the slab surface [10-11]. P. Tang et al. [12] illustrated that
the chemical composition and cooling rate of mold fluxes have
important effects on the heat flux through the mold fluxes film,
and the basicity of mold fluxes for crack sensitive steel should
be designed above 1.4 with lowest heat flux, and the F~ content
influences the heat transfer and lubrication of slag film by affect-
ing the crystallization characteristics. Tylor et al. [13] showed
that increasing the crystallization rate of solid slag film can
reduce the heat flow and thermal gradient, which is beneficial
to reduce the longitudinal crack of slab. Overall, the traditional
design idea of mold fluxes avoiding crack is to increase the
basicity (CaO/SiO, = 1.20~1.40) and the F~ content, reduce the
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content of Al,05 or MgO [14], and increase the precipitation
of cuspidine. However, when increases basicity of mold fluxes
to enhance its crystallization ability, the break temperature of
mold fluxes also increases, so that the lubrication of liquid slag
film deteriorates, which is easy to cause sticking breakout in
actual production.

It was found that with the increase of Li,O content below
1.5 wt%, the critical cooling rate of mold fluxes is decreased,
which inhibits crystallization and improve the lubrication
characteristics of mold fluxes [15]. However, H. Liu et al. [16]
studied the crystallization performance of CaO-SiO, based mold
fluxes containing Li,0, and found that the crystallization speed
increase with the Li,O addition. M.D. Seo et al. [17] showed
that with Li,O addition, the crystallization temperature of mold
flux decrease. Z. Piao et al. [18] stated that with the increase
of BaO content, both the viscosity and break temperature show
a decreasing trend. G.R. Li et al. [19] found that BaO can
reduce the viscosity and melting temperature of mold fluxes.
J. Weng [20] put forward the technological route of mold fluxes
with high crystallization and lubricity, which has achieved
industrial production with good effect, in the high-speed con-
tinuous casting of hypoperitectic steel and thin slab of medium
carbon steel. B.Y. Zhai et al. [21] suggested that mold fluxes
with 71300cc < 0.086 Pa-s could be applied for high casting
speed (3.5m/min) of medium carbon steel, while to avoid slab
defects caused by excessive heat transfer caused by high casting
speed, it is necessary to adopt mold fluxes with more uniform
and stronger heat control ability.

In recent years, some studies have shown [15] that ultra-high
basicity mold fluxes, which have strong crystallization ability,
and the break temperatures were not too high to assure lubrica-
tion, can better overcome the contradiction between lubrication
and heat transfer. Therefore, the effects of BaO and Li,O on the
properties of mold fluxes were studied, and the composition
ranges of mold fluxes with high crystallization and lubricity
were obtained, which has significance for optimization of CSP
continuous casting production technology.

2. Materials and methods
2.1. Experimental materials

The designed compositions of samples are listed in TA-
BLE 1. The experimental samples were prepared with chemical
reagents of CaCOs, Si0O,, Al,O3, CaF,, Na,COs, Li,CO3, Fe,05
and BaCOs. Each sample with 250 g were fully mixed and put
into a graphite crucible in the induction furnace for pre-melting.

2.2. Viscosity measurement

In this study, the viscosity was measured by rotating cylin-
der method with MTLQ-ND-6 sensor high-temperature viscosity
measurement system and Brookfield DV-II (Brookfield Inc.,
USA) viscometer. The equipment shown in Fig. 1 consists of
a resistance furnace with MoSi, heating elements, high-purity
alumina tubes, two thermocouples, and so on. The error range
of temperature is within +5°C. Before the measurements, the
standard castor oil was used to calibrate the viscometer owing to
its known viscosity values at different temperature. The prepared
sample (250 g) was poured into a graphite crucible, heated to
1300°C at 10°C/min, and kept isothermally for a while to ensure
the temperature stability and chemical homogenization of the
sample. Then the viscosity-temperature curve was measured by
cooling down at 6°C/min (rotating speed 12 r/min).
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Fig. 1. MTLQ-ND-6 sensor high-temperature viscosity measurement
system
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2.3. Hemisphere melting point test

Measurement of hemispherical melting temperature is as
the industry standard of mold flux. 50 g of pre-melted slag was
taken and ground to less than 0.074 mm. Then, mixing the slag
powder with absolute ethanol and pressing it into a 3x3 mm
cylinder for shape. After dried on a corundum spacer, the sample

TABLE 1
The chemical compositions of experimental slag (wt%)
Sample CaO0/Si0, BaO Li,O Na,O F AL Oy MgO Fe,04
Content 1.25~1.85 5~15 0.8~1.2 10.5 4 3 1.5
Step 0.1 5 0.4 / / / /




was sent into the furnace for testing (heating rate 15°C/min). The
sample was measured multiple times and the hemisphere melting
temperature was averaged to eliminate errors.

2.4. XRD measurement

In order to identify the precipitated crystallizes in the mold
fluxes, the air-cooled slag was ground to below 0.074 mm, and
tested by an X-ray diffractometer (Bruker Advance D8) with
Cu K, radiation (1.54184 A). The XRD data were collected in
arange of 20 = 10 to 90 deg with a rate of 2 deg/s.

2.5. Crystallization ratio measurement

The mold fluxes were heated to 1300°C, kept for 5 minutes,
and then quickly poured into a stainless-steel tank for air cool-
ing. After the condensed slag sample was taken out, the fracture
morphology was observed.

Using a ruler to measure the thickness of crystals and glass,
the crystal ratio R, is:

n de
i=1

= 00%
n

(1

where R), is the crystallization ratio (%); d; is the crystal thick-
ness measured at position i (mm); d; is the total thickness of the
slag sample measured at position i (mm); # is the total number
of measurement positions for each thickness,n=1,2, 3, ---, 10.

2.6. Break temperature confirmation
Take a sample as an example. According to the Arrhenius
equation [22],
H = Aexp(E/RT) 2)
where 4 is the Arrhenius constant, £ is the activation energy for

viscous flow, R is the gas constant, and T is the absolute tem-
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Fig. 2. The method of confirm the break temperature
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perature. Taking the natural logarithm of both sides of Eq. (1)
to determine the abrupt change in viscosity [23],

Iny =1In4 + E/RT 3)

Then, by plotting 1047 versus Iny. As shown in Fig. 2,
in a given temperature range, the slope E/R is constant and the
intercept is In 4. The temperature corresponding to the sudden
change in viscosity is the break temperature.

3. Results and discussion

3.1. Effects of BaO and Li,O on viscosity at 1300°C
of mold fluxes

It can be seen from Fig. 3 that the viscosity at 1300°C
shows a downward trend with BaO or Li,O addition at differ-
ent basicity. The reason is that both BaO and Li,O are alkaline
metal oxides, which are extremely alkaline and can dissociate
Ba®" ions, Li* ions and O*" ions. The electrostatic potential of
Ba’" ions is smaller than that of Ca’" ions, and the radius of
Li" ions is smaller, both of them have weak binding ability to
O” ions, which can dissociate O*~ ions and can depolymerize
slag structure [24]. In addition, Li" has a strong effect on oxygen
ion polarization and deformation of Si-O bond, and it is easy
to form defects and asymmetric centers in the slag network
structure, leading to a decrease in the viscosity of mold fluxes.
Since too little viscosity will affect the continuity of liquid
slag film, the suitable content of BaO and Li,O should not be
too much.

3.2. Effects of BaO and Li,O on hemispherical melting
point of mold fluxes

Fig. 4 shows the effect of BaO and Li,O on the melting
point of mold fluxes. The melting point, which ranges from 1003
to 1157°C, decreases obviously with BaO and Li,O addition at
different basicity. As stated before, BaO and Li,O are network
modifiers, and the M-O bond strength is small (M = Ba, Li),
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which can provide non-bridging oxygen ions in the slag, destroy
the silicate network chain structure, and reduce the melting point
of the mold slag [25]. To ensure adequate liquid slag layer, it is
better for the melting temperature of mold fluxes to be lower.
Considering the cost together, it is more appropriate when
w(BaO) = 10 wt% and w(Li,0) = 0.8 wt%.
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3.3. Effects of BaO and Li,O on break temperature
of mold fluxes

The break temperature is an important property parameter of
mold fluxes, which corresponding to the temperature at which the
viscosity of the system increases sharply at a certain cooling rate
[26]. This occurs because the crystal phases precipitate in large
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quantities at this temperature, and the molten slag exhibits non-
Newtonian flow behaviors when the temperature is below break
temperature, according to Sridhar et al. [11] It can be observed
form Fig. 5 that the break temperatures of slags are in the range
of 1109~1239°C. The viscosity-temperature curves with varied
basicity are given in Fig. 6. The slag system shows strong alka-
line that the viscosity keeps unchanged with temperature drop
before the break temperature and rises sharply after arriving at
the break temperature.

At different basicity, it can be seen from Fig. 5(a)(b) that
when the Li,O content is constant, the break temperature de-
creases with BaO enhancement. From Fig. 5(c)(d), it can be
concluded that with the increase of Li,O content, the break
temperature decreases first and then increases. Probably because
when the Li,O content increases from 0.8 wt% to 1.2 wt%, the
structure of the mold fluxes becomes more complicated, resulting
in the break temperature rises.
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As shown in Fig. 7, when the basicity is 1.35, the crystalline
phase is cuspidine, while when the basicity is 1.75, the crystalline
phase is transformed (3CaO - 2Si0O, - CaF, — Ca,Si0,), so that
the composition of mold fluxes has deviated from the crystal-
lizing area of the cuspidine, resulting in a decrease in the break
temperature [15]. On the whole, the break temperature in this
paper is generally within a suitable range. To ensure sufficient
thickness of the liquid slag layer and provide support for the co-
ordination of lubrication and heat transfer, the break temperature
of samples with 0.8 wt% Li,O is more appropriate.

3.4. Effects of BaO and Li,O on crystallization
of mold fluxes

Fig. 7 shows the XRD analysis results of the slag samples.
When the basicity is 1.35, the crystalline phase precipitated in
mold fluxes is mainly 3CaO - 2Si0, - CaF,, and other crystalline
phases are precipitated at ultra-high basicity of 1.75, which leads
to a sharp increase in the crystallization ratio shown in Fig. 8.
From Fig. 8(a)(b), at medium and high basicity in the range of
1.25~1.65, when the Li,O content is constant, the crystalliza-

enhancement. Overall, at basicity of 1.25~1.65, with the change
of BaO and Li,O content, the crystallization ratio is basically
stable below 50%, and at ultra-high basicity (R > 1.65), the
crystallization ratio rises sharply, which is very effective for
mold fluxes to control heat transfer. Combing Fig. 5, Fig. 6 and
Fig. 8, it can be concluded that when the basicity is 1.65-1.85,
the break temperature is low to ensure lubrication and the crystal-
lization ratio is high to control heat transfer, so that to coordinate
lubrication and heat transfer well.

As a whole, to meet the requirements for thin slab continu-
ous casting, the properties of mold fluxes including low melting
temperature to ensure slag consumption, relatively low viscosity
to avoid discontinuity of liquid slag film, relatively low break
temperature to ensure a sufficient thickness of the liquid slag film
for lubrication and high crystallization ratio in solid slag film for
heat transfer control, the mold fluxes components with 10 wt%
Ba0, 0.8 wt% Li,0 and R > 1.65 are more reasonable, which has a
profound impact on high crystallization and lubricity mold fluxes.

4. Conclusion

tion ratio decreases with BaO addition, while from Fig. 8(c)(d), 1) The properties of mold fluxes changes with various BaO
the crystallization ratio does not change significantly with Li,O and Li,0 content at different basicity, including the melting
(a) ¥ 3Ca0°28i0,°CaF, & Ca,Si0; * SiO, (b) ¥ 3Ca0-28i0,-CaF, & Ca,Si0, 4 SiO,
% R=1.75 Li,0=0.4 wt% R-1.75 Li,0-1.2 wt%
Ay m H . n BaO=15 wt% BaO=15 wt%
l x W J‘ BaO=10 wt% L BaO=10 wt%
= 2 ( R
= H _ Ba0=5wt% = BaO=5wtto
£ £
z R-LISLLO04we% Bao=15wie | £ fat,  REL3SLLO-L2wi% Ba0O=15 wi%
2 3
= = v
b BaO=10 wt% I ,| " n N BaO=10 wt%
v
v
BaO=5wt% l ‘ J H BaO=5wt%
1 M 1 M 1 M ] " 1 M 1 M 1 M 1 M ] 1 M 1 M 1 M AI " 1 M ‘I‘m -“ 1 M 1 M 1
20 25 30 35 40 45 50 55 60 65 70 20 25 30 35 40 45 50 55 60 65 70
2 Theta (deg.) 2 Theta (deg.)
(©) ¥ 3Ca0-28i0,°CaF; + Ca,Si0, (d) ¥ 3Ca0-28i0,°CaF, # CaySi0,
R=1.75 BaO=5 wt% R=1.75 BaO=15 wt%
M ) ﬁx A Li,0-1.2 wi% Li,0-1.2 wi%
Y l S L Li,0-0.8 wi% " A A Li,0-0.8 wi%
-~ -~ ’
= =
=  LR0=0.4 wt% = | ﬂi o 3 L Li0=0.4wi%
s K 2
: R=1.35 BaO=5 wtt% X Li,0-1.2 wi% : Jy,  Re135Bao=15w% Li,0-1.2 wi%
b v &
= =
L] L] v
1 l n R R Li,0-0.8 wi% w ot Li,0-0.8 wi%
Li,0=0.4 wi% I l W ) Li,0=0.4 wi%
1 1 1 ] 1 1 1 1 ] 1 1 1 * - 1 i ] K.}I“...__A 1 1 1
20 25 30 35 40 45 50 55 o600 65 70 20 25 30 35 40 45 50 55 60 o5 70

2 Theta (deg.)
Fig. 7. The XRD results

2 Theta (deg.)



1427

@ .
| Li,0=0.4 wt% “
| g
! <
»D .c
| 2
h -
: =
= :
‘E Kl
= :
;ﬂ 3
"Z -
| [
Q &)
3
O
Bag
Wt/o)
:I | 98 98 98 L . 95
| | i | 90
| 8 | [ 85 | BaO=15 wt% :
‘ | ‘ z S \ 3 80 —~
i | " 3
| : |
‘1 4 43 . 56 © ‘E 50‘5
| 5 |+ - ;
i‘ 40 % .‘% 0.‘%
| B 2 30 E .E
| : :g :g
| b b
| 1 | -3 |
| ¥ il :
> P
. - 3
12 .

Cop,
t t ("" )
(3 /o)

Fig. 8. Effects of BaO and Li,O on crystallization ratio of mold fluxes

2)

3)

4)

temperature in the range of 1003~1157°C, the viscosity at
1300°C in the range of 0.01~0.08 Pa-s, the break tem-
perature in the range of 1109~1239°C, and the crystalline
mineral phase is mainly 3CaO - 2Si0, - CaF,.
With BaO and Li,O addition, the viscosity at 1300 °C and
melting temperature show a downward trend at different
basicity, and the break temperature decrease with BaO
addition while decrease and then increase with Li,O ad-
dition.
Atbasicity of 1.25~1.65, with the change of BaO and Li,O
content, the crystallization ratio is basically stable below
50%, and at ultra-high basicity (R > 1.65), the crystalliza-
tion ratio rises sharply.
Considering all the properties, the mold fluxes components
w(BaO) = 10 wt%, w(Li,0O) = 0.8 wt%, and R > 1.65 are
more suitable for continuous casting of thin slab casting.
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