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Abstract: The effect of substituting CaO with BaO and CaO/Al2O3 ratio on the viscosity
of CaO–BaO–Al2O3–CaF2–Li2O mold flux system was studied by rotational viscosity method.
The results showed that the viscosity increased with increasing BaO as a substitute for CaO, while the
viscosity decreased with the increase in CaO/Al2O3 ratio. The viscous activation energy of the slags
is from 92.1 kJ·mol−1 to 133.4 kJ·mol−1. Either the Arhenius or the Weymann–Frenkel equation can
be applied to establish the viscosity prediction model. In this paper, the Weymann–Frenkel equation
and a new optical basicity with regard to Al2O3 as an acidic oxide were applied to the modified NPL
model for predicting the viscosity of CaO–BaO–Al2O3–CaF2–Li2O mold flux system. The estimated
viscosity is in good agreement with the measured viscosity.
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1. Introduction

High Mn-high Al steel, exemplified by twin-induced plasticity (TWIP) steel, has high strength
and good ductility, as well as a smaller density compared with plain steels due to high contents
of aluminum and manganese. This perfectly accords with next-generation steel for automobiles,
the development of which is continuously devoted to pursuing safety and energy conservation and
environmental protection [1,2]. However, the high aluminum content, is an unprecedented challenge to
the production of high Mn-high Al steel using continuous casting, and the key to the solution for this is
to select a proper mold flux [3]. It is well known that high Al content in molten steel will react with the
traditional CaO–SiO2-based mold flux, leading to a sharp reduction of SiO2 and an increase of Al2O3 in
molten slags, as shown in Equation (1), which will convert the original CaO–SiO2-based mold flux into
CaO–Al2O3-based mold flux [4,5]. With a substantial change of components, the physical properties
of the slag, such as melting temperature and viscosity, will change dramatically, deteriorating the
lubrication and heat transfer of slags and further resulting in all kinds of casting defects and even
casting interruption [6–10].

Al + (SiO2)→ Si + (Al2O3), (1)

Al + (Na2O)→ Na(g) + (Al2O3), (2)

Al + (B2O3)→ B + (Al2O3). (3)

Significant efforts have been made to solve the casting problems by employing various kinds of
mold fluxes. Strong oxidizing components, such as MnO and Fe2O3, which have priority over SiO2 to
react with Al in molten steel, have been added to mold fluxes so as to protect SiO2 from oxidation [11],
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but this still led to a big increase in Al2O3 and altered the performance of the mold fluxes. Naturally,
the CaO–Al2O3-based mold flux with low SiO2 content was then introduced to cast high Mn-high
Al steel in order to weaken or avoid interfacial reactions [7,12–14]. However, they still contain a
small number of reactive components other than the low content of SiO2, such as B2O3 and Na2O, as
shown in Equations (2) and (3). The components of the CaO–BaO–Al2O3–CaF2–Li2O mold flux system
studied in this paper have been verified not to react with Al in molten steel from thermodynamic
calculation at the temperature of steelmaking [15]. Thus, the mold flux system can essentially avoid
the reactivity problem and possess good application prospects in the casting of high Mn-high Al steel.

Viscosity is one of the most important indexes for evaluating the performance of mold fluxes, as it
has a significant effect on the lubrication of casting blanks. In industrial production, the viscosity of
mold fluxes at 1300 ◦C (η) and casting speed (υ) generally meet the correlation η·υ = 1.0–3.5 (Poise
m·min−1), so as to meet the demands for adequate lubrication and heat transfer [16]. A significant
amount of research regarding the effect of Al2O3 on the viscosity of different slag systems has been
conducted [17–22], while little research has been reported on mold fluxes in the absence of SiO2.
It has been concluded that Al2O3 exists as [AlO4]5− ions with four coordinated oxygens and forms a
tetrahedral network structure in basic melts [23,24]; however, more work needs to be done regarding
how Al2O3 behaves in slags without SiO2. It was also found that substituting CaO with BaO can
reduce the viscosity and improve the vitrification rate of mold fluxes [25], which are conducive
to the lubrication of the casting blank in continuous casting process. Thus, the viscosity of the
CaO–BaO–Al2O3–CaF2–Li2O mold flux system with various BaO/CaO and CaO/Al2O3 ratios in mass
was studied in this paper.

Over the last few decades, a series of viscosity models has been developed to predict the viscosity
of BF slags, refining slags and mold fluxes. The empirical and semi-empirical models, e.g., Urban
model [26], Riboud model [27], Iida model [28,29] and NPL model [30], involve a numerical fit of
viscosity to chemical composition based on Arrhenius or Weymann–Frenkel equation. A viscosity
prediction model of the CaO–BaO–Al2O3–CaF2–Li2O mold flux system according to the modified NPL
model is established in this paper, and the estimated viscosity fits well with the experimental results.

2. Materials and Methods

2.1. Sample Preparation

Slag samples were prepared using reagent-grade Al2O3, CaF2, CaO, BaCO3 and Li2CO3

(Sinopharm Chemical Reagent Co., Ltd., Shanghai, China), with BaCO3 and Li2CO3 being used as the
sources for BaO and Li2O, respectively. In a muffle furnace, Al2O3, CaF2, BaCO3 and Li2CO3 were
calcined for 2 h at 500 ◦C to remove moisture, while CaO was calcined for 5 h at 1000 ◦C to decompose
any carbonate and hydroxide before experiment. Table 1 gives the chemical compositions of samples.
The prepared powders were then ground and weighed according to the designed compositions and
mixed in a mortar for melting. Each fused sample was about 250 g.

Table 1. Chemical composition of experimental slags (wt %).

Slag No. CaO BaO Al2O3 F− Li2O BaO/CaO CaO/Al2O3

S-1 36 14 34 8 8 0.39 -
S-2 32 18 34 8 8 0.56 -
S-3 28 22 34 8 8 0.79 -
S-4 24 26 34 8 8 1.08 0.71
S-5 28 26 30 8 8 - 0.93
S-6 32 26 26 8 8 - 1.23

S-vali 1 24 30 30 8 8 1.25 0.80
1 S-vali is a slag for validation of the modified NPL (National Physical Laboratory, Teddington, UK) model.
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2.2. Viscosity Measurement

Viscosity was measured using a rotation viscometer. The experimental apparatus (Chongqing
Safety Production Scientific Research Co., Ltd., Chongqing, China) for viscosity measurement is
shown in Figure 1. A high-temperature furnace with U-shape MoSi2 heating elements is monitored
by a B-type thermocouple and a proportional-integral-derivative (PID) controller to ensure that the
deviation of temperature in the uniform temperature zone can be maintained within ±2 ◦C. Before
the viscosity measurement, crucible and cylinder were set along the axis of the viscometer, and a
calibration measurement was carried out at room temperature by using castor oil of known viscosity.
Then, the furnace was heated to the experimental temperature (1400 ◦C) and held for 10 min to stabilize
the temperature and homogenize the slag melt under an Ar gas atmosphere (flow rate: 0.5 L/min).
After that the cylinder was carefully immersed into molten slag just 20mm above the bottom of graphite
crucible and rotated at a speed of 12 rpm. When the signal from viscometer became stable, the furnace
was cooled at a rate of 6 ◦C/min and the viscosity measurement started and lasted until the value of
the measured viscosity reached nearly 3 Pa·S. In the end, the furnace was reheated to 1400 ◦C at a
speed of 15 ◦C/min to pull out the cylinder and pour out the molten flux.

Figure 1. Schematic diagram for viscosity measurement.

3. Results and Discussion

3.1. The Effect of Substituting CaO with BaO on the Viscosity

Figure 2 shows the viscosity–temperature (η–T) curves of slags S-1 to S-4. Figure 3 shows the effect
of substituting CaO with BaO on the viscosity of slags S-1 to S-4. It can be seen that the viscosity of the
slags increases gradually with increasing BaO as a substitute for CaO. This is consistent with the trend
observed by Wang et al. [31] for a CaO–BaO–SiO2–MgO–Al2O3 slag system and Sukenaga et al. [32]
for a CaO–SiO2–Al2O3–BaO slag system (CaO/SiO2 = 0.67 in mass). Meanwhile, it is inconsistent with
the results observed for a BaO–CaO–Al2O3–MgO–B2O3–SiO2–CaF2–Li2O slag system by Wu et al. [25],
who found that the viscosity decreased with BaO substituting CaO. CaO and BaO, as alkaline-earth
metallic oxides in the slags, have two completely different effects on the structure of the aluminates.
On the one hand, as the Ba2+ ion radius (1.44 Å) is larger than the Ca2+ ion radius (1.08 Å) [33], the
electrostatic potential of Ba2+ is smaller than that of Ca2+. That is, it is easier for BaO to dissociate
free oxygen (O2−), and it possesses a greater depolymerization effect on network structure, which
reduces the viscosity with BaO substituting CaO. On the other hand, in aluminosilicate systems, Al2O3
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is a typical amphoteric oxide, and its behavior depends on the basicity of the melts [34]. When in an
alkaline environment, it acts as a network former with charge compensation from cations and increases
the complexity of the network structure. Since there is no SiO2 in slags according to the composition in
Table 1, Al2O3 serves as a network former and exists in the form of [AlO4]5− tetrahedron with charge
compensation from alkaline-earth metals [35]. As mentioned before, the electrostatic potential of Ba2+

is smaller than that of Ca2+; that is, the capacity of charge compensation of Ba2+ is stronger than that of
Ca2+; therefore, substituting CaO with BaO can increase the structural stability of [AlO4]5−, which
leads to the increase of the viscosity [31,36]. The experimental results indicate that the latter played a
dominant role in affecting the network structure of the slags investigated in this study.

Figure 2. Viscosity–temperature curves of experimental slags with 34 wt % Al2O3 and various BaO/CaO ratios.

Figure 3. Viscosity of slags S-1 to S-4 in the fully fluid region with various BaO contents.

It should be noted that the substitution with BaO for CaO was performed by equal weight in mass.
As the molecular weight of BaO is much greater than that of CaO, the free oxygen (O2−) and charge
compensation cations in the slags decreased after the substitution, which may also be a potential
reason for the increase in viscosity.

3.2. Effect of CaO/Al2O3 Ratio on the Viscosity

Figure 4 shows the viscosity–temperature (η–T) curves of slags S-4 to S-6. Figure 5 shows the
effect of CaO/Al2O3 ratio on the viscosity of slags S-4 to S-6. The results show that the viscosity
of the slags decreased with the increase in CaO/Al2O3 ratio. This is consistent with the trend
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observed by Behera et al. [22] for an Al2O3–Cr2O3–CaO–CaF2 slag system and Xu et al. [37] for
a CaO–Al2O3–MgO slag system. Neuville et al. [38] studied the structure of crystals, glasses, and melts
along CaO-Al2O3 join. The results show that Al is in octahedral coordination with high Al2O3 contents
(>80 mol%) and essentially in fourfold coordination with 4 bridging O atoms (BOs) at Al2O3 contents
of between 30 and 75 mol%. At around 25 mol% Al2O3, Al is in tetrahedral coordination with two BOs.
The presence of higher-coordinated species at high Al2O3 contents and their absence at low Al2O3

contents imply different viscous flow mechanisms for high- and low-concentration Al2O3 networks.
That is, a higher CaO/Al2O3 ratio tends to increase the concentration of free oxygen (O2−), leading
to the depolymerization of [AlO4]5− tetrahedron converting into simple structure units, reducing
the complexity of the network structure and decreasing the viscosity [35]. Therefore, the viscosity
decreased with the increase of CaO/Al2O3 ratio from slags S-4 to S-6.

Figure 4. Viscosity–temperature curves of experimental slags with 26 wt % BaO and various CaO/Al2O3 ratios.

Figure 5. Viscosity of slags S-4 to S-6 in the fully fluid region with various CaO/Al2O3.

The optical basicity (Λ) can characterize the ‘availability’ of providing free oxygen ions, which
indicates the degree of polymerization of the melts. A corrected optical basicity (Λcorr) was proposed
by Mills to charge balance the Al3+ ions incorporated into the Si4+ chain or ring [39]. Λcorr is calculated
by Equation (4), where X is the mole fraction, Λ is the optical basicity, and n refers to the number of
oxygen atoms in the molecule, e.g., three for Al2O3, and one for CaF2, etc., since two fluorine ions can
be considered equivalent to one oxygen ion. A correction needs to be made in the calculation process:
the component with the highest optical basicity will compensate the charge of Al2O3 first (if it is not
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enough, the one with the second-highest optical basicity will continue to compensate, and so on), and
the remaining, together with the components not participating in charge compensation, contributes to
the corrected optical basicity of the slag system. The values of the corrected optical basicity (Λcorr) of
slags S-1 to S-6 are listed in Table 2. For a series of slags with a similar structure in the silicate system,
the viscosity of slags generally decreases with the increase in basicity. This is also applied to slags S-4 to
S-6, the viscosity of which decreases with the increase of the corrected optical basicity (Λcorr). Similarly,
the viscosity of slags increases with the decrease of corrected optical basicity (Λcorr) for slags S-1 to S-4.

Λcorr =
∑ (X1n1Λ1 + X2n2Λ2 + X3n3Λ3 · · · )

∑ (X1n1 + X2n2 + X3n3 · · · )
(4)

Moreover, Xu et al. found that the curves of viscosity versus CaO/Al2O3 ratio was a ‘V’ shape
when studying the effect of CaO/Al2O3 ratio on the viscosity of a CaO–Al2O3–MgO slag system [37].
They deemed that the formation of low melting compounds (12CaO·7Al2O3) was conducive to the
viscosity reduction. It can be seen from Table 2 that the variation tendency of the melting temperature
is correspondingly in agreement with that of the viscosity for slags S-4 to S-6 or slags S-1 to S-4.

Table 2. Melting temperature (Tm), break temperature (Tbr), corrected optical basicity (Λcorr), new
optical basicity (Λnew), and viscous activation energy of experimental slags.

Slag No. Tm (◦C) Tbr (◦C) Λcorr Λnew Eη (kJ·mol−1) Ew (kJ·mol−1)

S-1 1087 1132 0.760 1.760 133.4 146.2
S-2 1096 1148 0.753 1.771 131.0 143.9
S-3 1114 1196 0.748 1.783 119.1 132.2
S-4 1119 1285 0.743 1.797 91.2 101.3
S-5 1114 1124 0.777 1.787 118.1 130.9
S-6 1080 1268 0.811 1.778 121.9 135.3

3.3. Viscous Flow Activation Energy

It can be observed from the viscosity–temperature curves in Figures 2 and 4 that there is a
temperature point below which the viscosity of the slag increases sharply in a narrow range of
temperature. This temperature point is known as the break temperature (Tbr), which can be obtained
from the graph of the natural logarithm of viscosity versus inverse absolute temperature, as shown in
Figure 6, taking slag S-3 as an example. When the temperature is above the Tbr, the molten slag is in
the state of fully liquid phase, and is a Newtonian fluid, while it presents as a non-Newtonian fluid
when the temperature is below the Tbr as a result of crystallization or solidification [40,41]. The break
temperature of the slags is also listed in Table 2.

The temperature dependence of the viscosity is usually expressed by Arrhenius equation
(Equation (5)) or Weymann–Frenkel equation (Equation (6)):

η = A exp(
Eη

RT
), (5)

η =AT exp(
Ew

RT
), (6)

where A is a proportionality constant, Eη and Ew are the activation energies for viscous flow, R is the
gas constant and T is the absolute temperature. Figure 7 shows a linear relationship between lnη and
1/T and Figure 8 shows a linear relationship between ln(η/T) and 1/T in the Newton fluid region, from
which the activation energy is obtained. The deviations between Eη and Ew for slags in the present
study are below 10%, indicating that either the Arrhenius or Weymann–Frenkel equation can be used
to evaluate the activation energy for viscous flow. The activation energies according to Arrhenius
listed in Table 2 are from 91.2 kJ·mol−1 to 133.4 kJ·mol−1, which are lower than those by Xu et al. [37]
and Kim et al. [42], with their results being in the range of 175–400 kJ·mol−1. It may be that the slags
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in this study contained a higher content of fluxing agent—namely, Li2O—and diluting agent—namely,
CaF2. Additionally, the difference in network structure between their slags and the authors’ slags also
leads to a difference in activation energy.

Figure 6. The natural logarithm of viscosity versus inverse absolute temperature of slag S-3.

Figure 7. The natural logarithm of η as a function of 1/T.

Figure 8. The natural logarithm of η/T as a function of 1/T.
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3.4. Industrial Application Prospect

To evaluate whether the viscosity of the slags in the present study is applicable for industrial
application, 20Mn23AlV was selected as an instance. The casting speed of 20Mn23AlV is about
0.9 m/min, and the viscosities of the mold fluxes at 1300 ◦C in this paper are from 1.13 to 1.58 Poise;
thus, the values of η·υ are from 1.02 to 1.42, which meet the correlation η·υ = 1.0–3.5 (Poise m·min−1).
Moreover, according to the above empirical formula, the fluxes studied in this paper can be applied
to industrial production with a maximum casting speed of approximately 3 m/min. Meanwhile, the
casting speed of high Mn-high Al steel in industrial production is generally less than 2 m/min, due
to the solidification characteristics of the steels and the limitations of the actual casting conditions.
Therefore, from the perspective of slag viscosity, the fluxes studied in this paper have good prospects
for industrial application. Nevertheless, other properties, such as break temperature, vitrification rate,
etc., need to be taken into consideration, so as to select a proper mold flux.

4. Viscosity Model

Since viscosity measurement is time-consuming work, several researchers have tried to establish
various viscosity models to predict the viscosity of slags, e.g., the Riboud model [27,43], the Urbain
model [26,44], the Iida model [28], the KTH model [45], and the NPL model [30,46,47]. These viscosity
models were mainly based on CaO–SiO2-based slags or CaO–SiO2–Al2O3-based slags with low Al2O3

content. Figure 9 shows the estimated viscosity against measured viscosity of slags in this study with
the Urbain model, Riboud model, and NPL model. It can be observed that there is a large deviation
between the viscosity predicted by the Urbain model and the Riboud model and the measured viscosity.
However, the predicted results according to the NPL model are much better, with some estimated
viscosity being in good agreement with the measured viscosity, while the rest does not have a large
deviation. Therefore, a modified NPL model based on the Weymann–Frenkel equation and optical
basicity to predict the viscosity of slags was established in this study.

Figure 9. The estimated viscosity against the measured viscosity using different models: (a) Urbain
and Riboud models, (b) NPL model.

The Weymann–Frenkel equation (Equation (6)) can be rewritten as follows:

ln
η

T
= lnA +

1000B
T

, (7)

where parameter B (B = Ew
1000R ) is a quadratic expression of the optical basicity, parameters A and

B are in a linear relationship [44,46]. Moreover, according to the intercept and slope of each fitted
line in Figure 8, the values of parameters A and B of each mold flux (or each optical basicity) can be
obtained, respectively.
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Similar to the traditional definition of basicity, Shankar et al. [47] redefined the optical basicity,
termed as the new optical basicity, and its expression is as follows:

Λnew =

∑ (XBnBΛB + · · · )
∑ (XBnB + · · · )

∑ (XAnAΛA + · · · )
∑ (XAnA + · · · )

. (8)

In Equation (8), the new optical basicity is defined as the ratio of the total basic oxides to the total
acidic oxides in the slag. Al2O3 is regarded as an acidic oxide in the slags studied in this paper, as it
is the only network former of the molten slags. The new optical basicity is employed to predict the
parameters A and B in Equation (7).

Figure 10 shows the relationship between the new optical basicity and parameter B calculated
from the measured viscosity by Equation (7). Their relation can be fitted by a quadratic polynomial
with a determination coefficient of 0.972, as shown in Equation (9). The parameters B and lnA are
in a linear relationship, as shown in Figure 11, which can be expressed by Equation (10) with a
determination coefficient of 0.981.

B = − 4337.4Λ2+15298.9Λ− 13473.2, (9)

ln A = −0.7057B− 8.3678. (10)

Figure 10. The relationship between the new optical basicity (Λnew) and parameter B.

Figure 11. The relationship between parameters A and B.
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Viscosity of the slags now can be calculated by Equations (7)–(10). The estimated viscosity
compared with the measured viscosity is shown in Figure 12. It can be seen that the predicted viscosity
by the modified NPL model is in a reasonable agreement with the experimental data with the deviation
below 20%.

Figure 12. The estimated viscosity against the measured viscosity using modified NPL model.

To sum up, the modified parameters A and B, as well as a new optical basicity, were employed in
the modified NPL model to reveal the dependence of viscosity on composition of CaO–Al2O3-based
slag system in this study. As there is no measured viscosity data for slags with similar compositions
in the other literature, an additional mold flux (S-vali) was measured with the composition listed in
Table 1. Using the modified NPL model in this paper, it is found that the predicted and measured
values also fit very well as shown in Figure 13.

Figure 13. The estimated viscosity against the measured viscosity of S-vali using the modified NPL model.

5. Conclusions

In this paper, the effect of substituting CaO with BaO and CaO/Al2O3 ratio on the viscosity
of CaO–BaO–Al2O3–CaF2–Li2O mold flux system was investigated. It was found that the viscosity
of the slags increased with increasing BaO as a substitute for CaO, while the viscosity decreased
with the increase of CaO/Al2O3 ratio due to the combination effect of depolymerization by free
oxygen and polymerization by charge compensation on Al-O network structure. The deviation of the
viscous activation energy calculated by Arrhenius and Weymann–Frenkel equations is less than 10%



Metals 2019, 9, 142 11 of 13

and the values of the viscous activation energy according to Arrhenius equation are in the range of
92.1–133.4 kJ·mol−1. The modified NPL model and the new optical basicity regarding Al2O3 as an acid
oxide were employed to predict the viscosity. The prediction results show that the estimated viscosity
is in a reasonable agreement with the measured value, with the deviation less than 20%.
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