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Abstract: Amounts of rare earth oxides were transferred into mold fluxes for the continuous casting
of rare earth alloyed heavy railway steels. B2O3 was added to improve the viscosity properties and
the crystallization behavior of this traditional mold flux. Thus, in this paper, effects of B2O3 on
viscosity, structure, and crystallization of CeO2-bearing mold fluxes for casting rare earth alloyed
heavy railway steels were investigated by rotating cylinder method, Raman spectroscopy, and magic
angle spinning nuclear magnetic resonance (MAS NMR). Experimental results revealed that with
the addition of B2O3, viscosity values of mold fluxes at some certain temperatures decreased
significantly. By analyzing the structure of glassy mold fluxes, it can be observed that B2O3 behaved
as a network-forming oxide within the studied system. However, the introduction of the weak bond
energy of B–O and the transition from four-fold coordination boron to three-fold coordination boron
with loose structural units mainly reduced the viscosity. Moreover, results of X-ray diffraction (XRD)
and differential scanning calorimetry (DSC) confirmed that B2O3 decreased the crystallization of
the crystal phase Na4Ca4(Si6O18) and the solidus temperature of mold fluxes. Thus, these results
obtained can provide guidelines for designing new mold fluxes for casting rare earth alloyed steels.
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1. Introduction

Rare earth, as an effective additive, is widely used for the generation of rare earth treated steels and
rare earth alloyed steels [1–3], as it can show excellent heat resistance and good weather resistance [4].
However, due to the manufacturing process, rare earth oxides enter mold fluxes and rare earth oxides
in some positions were even over 10 wt.%, which has a significant effect on viscosity properties and
the crystallization behavior of mold fluxes. Viscosity determines the consumption and the uniform
penetration of mold fluxes during continuous casting process, which is directly related to thermal
conditions in the meniscus area and the surface quality of casting. Meanwhile, crystallization ability
of mold fluxes can control heat transfer and lubrication by changing slag films. When crystallization
temperature and crystallization ratio improve, friction between the slab and the mold will increase,
leading to the increase of breakout probability.

Wang et al. [5] found that the viscosity of mold fluxes containing over 10 wt.% RExOy was too
high to cast smoothly. Qi et al. [6] found that RExOy increased the viscosity of CaO-Al2O3 based mold
fluxes, which needed 14 wt.% Li2O to balance. Zhang et al. [7] concluded that La2O3 increased the
crystallization ratio and the film thickness significantly, which was harmful to the casting process.
Therefore, viscosity properties and crystallization behavior of mold fluxes for casting rare earth alloyed
steels are urgently needed to be studied.
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About 5 to 10 wt.% CaF2 can control the melting temperature, viscosity [8], and heat transfer of
traditional mold fluxes since fluoride tends to reduce the polymerization degree of silicate networks
and obtain cuspidine [9]. However, part of fluoride compounds are volatilized into the air [10],
resulting in air and water pollution. Other parts enter the system of secondary cooling water and
rolling, leading to equipment corrosion. Additionally, too much cuspidine generated in slag films
between the mold and the shell during casting rare earth alloyed heavy railway steels damages the
lubrication and heat transference. It was reported that mold fluxes containing B2O3 become a most
promising substitute for traditional mold fluxes. B2O3 has been taken into consideration for being
introduced into mold fluxes to adjust viscosity or crystallization.

Therefore, this work focuses on studying viscosity and crystallization properties of CeO2-bearing
mold fluxes with different amounts of B2O3. Viscosity tests conclude that B2O3 decreases viscosity
and the reasonable amount of additive B2O3 in mold fluxes is 10 wt.% according to the required
viscosity value (0.5 Pa·s at 1300 ◦C). B2O3 decreases the viscosity of the mold fluxes by introducing the
weaker bond energy of B–O compared with that of Si–O and the transition from four-fold coordination
to three-fold coordination. Crystallization tests indicates that B2O3 decreases the crystallization
temperature and the solidus temperature of mold fluxes simultaneously. In this paper, results can
provide reference for the understanding of developing mold fluxes for casting rare earth alloyed heavy
railway steels.

2. Materials and Methods

2.1. Experimental Slags

Reagent grade powders of CaO (≥98 wt.%), SiO2 (≥99 wt.%), Al2O3 (≥99 wt.%),
Na2CO3 (≥99.8 wt.%), B2O3 (≥98.5 wt.%), and CeO2 (≥99 wt.%) were used as raw materials. CaO was
calcined in a muffle furnace at 1000 ◦C for 10 h and other powders were dried at 500 ◦C for 5 h to
remove moisture and impurities. 3 wt.%, 5 wt.%, 7 wt.% and 10 wt.% B2O3 were added into traditional
mold fluxes to replace CaF2, respectively. Well mixed samples were first ground and pressed into
blocks, then melted in a graphite crucible using a silicon molybdenum rod furnace at 1400 ◦C for
30 min with Ar gas protection. After pre-heating, samples were water quenched and dried at 120 ◦C
for 10 h followed by grinding into powders screened through 200-mesh sieve. Powder samples were
subjected to the inductive coupled plasma optical emission spectrometry (ICP-OES) to determine the
B2O3 content. The chemical composition of experimental mold fluxes analyzed by X-ray fluorescence
(XRF) is shown in Table 1, water-quenched slags were homogenous verified by the X-ray diffraction
(XRD) analysis in Figure 1.

Table 1. Chemical composition of experimental mold fluxes.

Sample Number
Composition (wt.%)

- CaO SiO2 Al2O3 Na2O B2O3 CeO2

1
Calculated 27.44 41.46 7.02 13.33 3.00 7.75
Analyzed 29.77 40.50 6.58 12.58 2.81 7.76

2
Calculated 26.87 40.60 6.88 13.05 5.00 7.60
Analyzed 29.16 39.71 6.68 12.30 4.63 7.52

3
Calculated 26.31 39.75 6.73 12.78 7.00 7.43
Analyzed 28.58 38.67 6.48 11.98 6.82 7.47

4
Calculated 25.46 38.46 6.52 12.36 10.00 7.20
Analyzed 27.88 37.24 6.22 11.66 9.87 7.13
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Figure 1. XRD pattern of water quenched slags with different B2O3 contents after pre-heating. 

2.2. The Viscosity Test 

Viscosity values were measured using the rotating cylinder method during decreasing 
temperature. The measure system had three parts, including a heating system, a rotating system and 
a measuring system as shown in Figure 2. Resistance furnace (SHIMADEN FP21, Tokyo, Japan) was 
employed to melt experimental mold fluxes in a molybdenum crucible with the corundum crucible 
protection. Molybdenum rotor (height of 12 mm and diameter of 15 mm) rotated as the inner cylinder, 
the measured instrument was a Brookfield DV2T type viscometer (AMETEK Brookfield, Middleboro, 
MA, USA). Before measurement, viscosity values were calibrated at room temperature (25 °C) by 
using standard oil with known viscosity (0.495 Pa·s), and the measurement error was less than 2%. 
The measured viscosity values were calculated via Equation (1): 
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Powders (150 g) were put in the molybdenum crucible. Samples were heated at a rate of 10 
°C/min from room temperature to 1400 °C in 90% Ar and 10% H2 atmosphere and held for 30 min 
Rotor was used to stir the melts about 15 min before the measurement, and data were automatically 
recorded by a computer. 
  

Figure 1. XRD pattern of water quenched slags with different B2O3 contents after pre-heating.

2.2. The Viscosity Test

Viscosity values were measured using the rotating cylinder method during decreasing
temperature. The measure system had three parts, including a heating system, a rotating system and a
measuring system as shown in Figure 2. Resistance furnace (SHIMADEN FP21, Tokyo, Japan) was
employed to melt experimental mold fluxes in a molybdenum crucible with the corundum crucible
protection. Molybdenum rotor (height of 12 mm and diameter of 15 mm) rotated as the inner cylinder,
the measured instrument was a Brookfield DV2T type viscometer (AMETEK Brookfield, Middleboro,
MA, USA). Before measurement, viscosity values were calibrated at room temperature (25 ◦C) by
using standard oil with known viscosity (0.495 Pa·s), and the measurement error was less than 2%.
The measured viscosity values were calculated via Equation (1):

η = TK·SMC· 10
RPM

·Torque (1)

where η is measured viscosity values (Pa·s), TK is the torque constant (0.09373), SMC is the spindle
multiplier constant (41.75) and Torque is the practical measured value (10–100%).
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Figure 2. Schematic figure of rotating cylinder viscometer.

Powders (150 g) were put in the molybdenum crucible. Samples were heated at a rate of 10 ◦C/min
from room temperature to 1400 ◦C in 90% Ar and 10% H2 atmosphere and held for 30 min Rotor was
used to stir the melts about 15 min before the measurement, and data were automatically recorded by
a computer.
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2.3. The Structure Test

Raman spectrometry (LabRAM HR Evolution, HORIBA Jobin Yvon S.A.S, Longjumeau, France)
was employed to analyze the structure of glassy mold fluxes at room temperature. In this work,
the analyzed frequency range was 400–2000 cm−1, and the excitation wavelength was 532 nm.
Raman spectra of silicate samples quenched by water are similar to that of melts at high temperature,
so it is feasible to study the structure of melts by analyzing the structure of glassy samples.

The 11B MAS NMR spectra of glassy samples were collected on a JNM-ECZ600R spectrometer
(14.09 T, JEOL, Tokyo, Japan) at 192.4 MHz, using a probe with 3.2 mm ZrO2 rotors. 11B MAS spectra
were obtained using a single pulse with the frequency of 12 kHz.

2.4. The Crystallization Test

A synchronous thermal analyzer (SDT-Q600, TA, New Castle, DE, USA) was employed to
analyze non-isothermal crystallization characteristics of experimental mold fluxes. It can measure
heat flow, temperature and weight change simultaneously in the same test condition. About 3 mg
powder samples were well mixed and heated in the ZrO2 crucible at a rate of 20 ◦C/min from room
temperature to 1300 ◦C in an Ar atmosphere. All data of differential scanning calorimetry (DSC) were
recorded automatically.

An X-ray diffractometer (SMARTLAB 9 kW, Rigaku, Beijing, China) was used to analyze crystal
phases of powder samples mentioned as follows. Powder samples were pressed into blocks to melt in
a MoSi2 furnace at a rate of 5 ◦C/min from room temperature to the peak temperature on the DSC
curve. After holding for 3 h at the peak temperature, samples were air quenched. Then samples were
ground and screened to be analyzed using an X-ray diffractometer.

3. Results and Discussion

3.1. Effect of B2O3 Content on Viscosity

Figure 3 presents the viscosity of mold fluxes for casting rare earth alloyed heavy railway steels
with different B2O3 contents. Viscosity continuously decreased and did not have obvious break points
with decreasing temperature. The viscosity as function of temperatures decreased with increasing
B2O3 content, which was more obvious at low temperatures than at high temperatures seen from
Figure 3. According to the requirement of a viscosity value of 0.5 Pa·s at 1300 ◦C, the reasonable
amount of additive B2O3 in mold fluxes for casting rare earth alloyed heavy railway steels is 10 wt.%.

Metals 2018, 8, x FOR PEER REVIEW  4 of 11 

 

2.3. The Structure Test 

Raman spectrometry (LabRAM HR Evolution, HORIBA Jobin Yvon S.A.S, Longjumeau, France) 
was employed to analyze the structure of glassy mold fluxes at room temperature. In this work, the 
analyzed frequency range was 400–2000 cm−1, and the excitation wavelength was 532 nm. Raman 
spectra of silicate samples quenched by water are similar to that of melts at high temperature, so it is 
feasible to study the structure of melts by analyzing the structure of glassy samples. 

The 11B MAS NMR spectra of glassy samples were collected on a JNM-ECZ600R spectrometer 
(14.09 T, JEOL, Tokyo, Japan) at 192.4 MHz, using a probe with 3.2 mm ZrO2 rotors. 11B MAS spectra 
were obtained using a single pulse with the frequency of 12 kHz. 

2.4. The Crystallization Test 

A synchronous thermal analyzer (SDT-Q600, TA, New Castle, DE, USA) was employed to 
analyze non-isothermal crystallization characteristics of experimental mold fluxes. It can measure 
heat flow, temperature and weight change simultaneously in the same test condition. About 3 mg 
powder samples were well mixed and heated in the ZrO2 crucible at a rate of 20 °C/min from room 
temperature to 1300 °C in an Ar atmosphere. All data of differential scanning calorimetry (DSC) were 
recorded automatically. 

An X-ray diffractometer (SMARTLAB 9 kW, Rigaku, Beijing, China) was used to analyze crystal 
phases of powder samples mentioned as follows. Powder samples were pressed into blocks to melt 
in a MoSi2 furnace at a rate of 5 °C/min from room temperature to the peak temperature on the DSC 
curve. After holding for 3 h at the peak temperature, samples were air quenched. Then samples were 
ground and screened to be analyzed using an X-ray diffractometer. 

3. Results and Discussion 

3.1. Effect of B2O3 Content on Viscosity 

Figure 3 presents the viscosity of mold fluxes for casting rare earth alloyed heavy railway steels 
with different B2O3 contents. Viscosity continuously decreased and did not have obvious break points 
with decreasing temperature. The viscosity as function of temperatures decreased with increasing 
B2O3 content, which was more obvious at low temperatures than at high temperatures seen from 
Figure 3. According to the requirement of a viscosity value of 0.5 Pa·s at 1300 °C, the reasonable 
amount of additive B2O3 in mold fluxes for casting rare earth alloyed heavy railway steels is 10 wt.%. 

 
Figure 3. Viscosity results of experimental mold fluxes with decreasing temperature. 

Figure 4 presents viscosity results of mold fluxes with different B2O3 contents at different 
temperatures in order to compare their different rheology behaviors. The value of Ea can be obtained 
as the slope by plotting ln η versus 1/(RT) via Equation (2): 
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Figure 4 presents viscosity results of mold fluxes with different B2O3 contents at different
temperatures in order to compare their different rheology behaviors. The value of Ea can be obtained
as the slope by plotting ln η versus 1/(RT) via Equation (2):
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lnη = ln A +
Ea

RT
(2)

where η is the viscosity, A is a constant dependent upon the slag structure, Ea is the activation energy
of viscosity and R is the gas constant.

The activation energy values of samples are shown in Table 2. The activation energy decreases
with increasing B2O3 content, which indicates that B2O3 decreases the energy barrier and the increase
of B2O3 is advantageous to the viscous flow.
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Table 2. The activation energy of experimental mold fluxes.

Sample Number 1 2 3 4

Ea (KJ/mol) 166.5 ± 2.7 152.4 ± 3.8 139.9 ± 4.4 142.0 ± 4.0

3.2. The Effect of B2O3 Content on Structure

Previous studies [11–13] found that viscosity values at high temperatures could be influenced by
network structure and the bond energy of flow units. Raman spectroscopy is one of the techniques
which has been widely utilized to analyze the structure of melts. Figure 5 shows the room temperature
Raman spectra of mold fluxes with different B2O3 contents in this work. For every curve, three Raman
peaks mainly appeared around 650 cm−1, 950 cm−1 and 1450 cm−1, respectively. With the increasing
amount of B2O3, the Raman peak of the band at 950 cm−1 was shifted to higher frequencies. The Raman
peak of the band at 1450 cm−1 could not be observed when the B2O3 content was 3 wt.% or 5 wt.%.
With continuous increasing B2O3 content, relative intensity of the Raman peak of the band at
1450 cm−1 increased. The specific explanations about the change of Raman peaks are mentioned
in the following sections.
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Figure 6a–d show deconvoluted results of the Raman spectra in Figure 5. Raman signals
were subtracted and deconvoluted by using a Gaussian-Deconvolution method with the minimum
correction coefficient r2 ≥ 0.995 [14,15] via Equation (3):

I = I0[1 − exp(−hcν/KT)]ν/(ν0 − ν)4 (3)

where I is the intensity of corrected spectra, I0 is the intensity of original spectra, ν and ν0 are frequencies
of exciting line and Raman shift, respectively.
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(a) B2O3 = 3 wt.%; (b) B2O3 = 5 wt.%; (c) B2O3 = 7 wt.% and (d) B2O3 = 10 wt.%.

In Figure 6a–d, Raman peaks around 980 cm−1 and 1060 cm−1 are due to the stretching vibration
of bridging oxygen in Q2 and Q3 structure. Q2 is (Si2O6)4− with two bridging oxygen in single chain
structural units and Q3 is (Si4O11)6− with three bridging oxygen in double chain structural units [16,17].
Peaks around 1390 cm−1 and 1450 cm−1 are ascribed to BO2O− triangles linked to [BO4] units and
BO2O− triangles linked to other triangular units [18–20]. The area ratio of a Raman peak is related to
the proportion of corresponding structural units in the melt according to Frantz and Mysen [21,22] via
Equation (4):

Xi = θi·Ai (4)

where Xi is the molar fraction, θi is the Raman scattering coefficient, Ai is the band area of structure
units. It is reasonable to assume that the ratio of Raman scattering coefficients for Q3 and Q2 in our
system is 2.92 (θ2/θ3 = 1/2.92). It can be obtained from the ratio of X2 to X3 in mold fluxes with
different B2O3 contents. Therefore, the area ratio of Q2 to Q3 is estimated and used to represent
abundance changes of bridging oxygen. Effects of B2O3 on the ratio of Q2 to Q3 can be seen in Figure 7,
where the estimated ratio of Q2 to Q3 decreases with B2O3 addition. That means Q3 increases more
quickly than Q2, leading to the increase of bridging oxygen in borosilicate glasses. It can be concluded
that B2O3 plays the role of network former in this system.
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Previous studies on the structure of silicates have shown that B2O3 can enhance the polymerization
as a network former. Furthermore, a certain number of Si–O–B linkages exist in borosilicate and alkaline
borosilicate glasses [23,24]. It is proposed that the increase of bridging oxygen may be due to the
appearance of Si–O–B units. Normally, the viscosity would increase since structural network became
more complex with the addition of B2O3. However, the viscosity of melts is not only decided by the
structure, but also the bond energy of structural units. The introduction of B2O3 with weak B–O bond
energy into silicate with strong Si–O bond energy would lead to the viscosity decrease. Besides, the area
of A1 (peak around 1390 cm−1 due to BO2O− triangles linked to [BO4] units) decreased compared with
the area of A2 (BO2O− triangles linked to other triangular units) as shown in Figure 8. The area ratio
of A1 to A2 decreases with increasing B2O3 content, which indicates that some BO2O– triangles linked
to [BO4] units converted to BO2O− triangles linked to other triangular units. In borosilicate melts,
there are four-fold coordinated boron and three-fold coordinated boron coexisting. The three-fold
coordinated boron is prone to form looser structural units than the four-fold coordinated boron,
which is advantageous to the decrease of the viscosity at each temperature in this system.
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In this work, although the structure network of mold fluxes became more complex with the
increasing B2O3, introduction of B2O3 resulted in the decrease of the viscosity at each temperature.
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The signal from [BO3] and [BO4] units (centered around 12 ppm and 0 ppm as shown in Figure 9)
are well resolved in 11B MAS NMR spectra [25], simultaneously. When the B2O3 content increased
from 3 to 10 wt.%, the relative intensity of [BO3] and [BO4] units both increased. Details about analyses
of the spectra are discussed below.
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Figure 10a–d show deconvoluted results of MAS NMR spectra in Figure 9. The area ratio of
A3 to A4 is used to represent the amount ratio of [BO3] to [BO4] as shown in Figure 11. The area
ratio decreases with the addition of B2O3, which is similar to results and analyses of Raman spectra.
In conclusion, adding B2O3 is of benefit to decrease the viscosity of mold fluxes for casting rare earth
alloyed heavy railway steels by changing the structural network.
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(a) B2O3 = 3 wt.%, (b) B2O3 = 5 wt.%, (c) B2O3 = 7 wt.%, and (d) B2O3 = 10 wt.%.
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3.3. Effect of B2O3 Content on Crystallization

Figure 12 shows DSC measurements of experimental mold fluxes with 3 wt.%, 5 wt.%, 7 wt.%,
and 10 wt.% B2O3 during the heating process. With increasing temperature, an exothermic
peak appeared around 800 ◦C, and an endothermic peak appeared about 900 ◦C, simultaneously.
The exothermic peak temperature is referred to as the crystallization temperature of air quenched
slags. Its peak area represents the enthalpy of the crystallization associated with the crystallization
ability. With the addition of B2O3, the exothermic peak became less distinct as shown in Figure 12
corresponding to the decrease of the crystallization ability. Accordingly, the crystalline exothermic peak
temperature of mold fluxes for casting rare earth alloyed heavy railway steels decreased first and then
increased slightly when B2O3 increased from 3 to 10 wt.% as shown in Table 3, which proposes that
the crystallization temperature during the heating process decreased first and increased a little later.
The endothermic peak temperature is due to the solidus temperature at which the solid phase begins
to transit to the liquid phase [26]. When B2O3 increased from 3 to 10 wt.%, the solidus temperature of
air quenched samples decreased from 911 to 876 ◦C, as shown in Table 3 since B2O3 in mold fluxes has
a low melting point or more low-melting compounds appeared. For the experimental mold fluxes,
the B2O3 addition decreased the crystallization ability and the solidus temperature during the heating
process of experimental mold fluxes.
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Table 3. Characteristic temperatures of air quenched samples determined by DSC (◦C).

Samples Tx Ts

1 785 911
2 780 895
3 776 885
4 779 876
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Figure 13 presents XRD patterns of air quenched slags after holding for 3 h at the peak temperature
of DSC curves. Three kinds of crystal phases were recognized in the samples, such as Na4Ca4(Si6O18),
NaAlSiO4 and Ca2B2O5. The relative intensity of Na4Ca4(Si6O18) decreased, but the relative intensity of
Ca2B2O5 increased with increasing B2O3. It was observed that B2O3 was beneficial to the precipitation
of Ca2B2O5, but not to Na4Ca4(Si6O18). In Figure 12, only one crystalline exothermic peak appeared
during the heating process of the four samples, which was attributed to negative conditions of DSC
measurements for the secondary crystallization. The exothermic peak of the DSC curves correspond to
the crystallization of Na4Ca4(Si6O18) by analyzing the XRD measurements. Thus, B2O3 decreases the
crystallization temperature and the solidus temperature, and enhances the precipitation of Ca2B2O5

instead of Na4Ca4(Si6O18) during the heating process of mold fluxes.
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4. Conclusions

Viscosity and crystallization of mold fluxes with different B2O3 contents ranging from 3 wt.% to
10 wt.% were studied through the rotating cylinder method, DSC, and XRD, and the structure was
analyzed using Raman spectra and MAS NMR. Three conclusions are summarized as follows:

1. When B2O3 increased from 3 to 10 wt.%, the viscosity and the activation energy of mold fluxes
decreased continuously at each temperature, which is beneficial to mold fluxes for casting rare
earth alloyed heavy railway steels. According to the requirement of a viscosity value of 0.5 Pa·s
at 1300 ◦C, the reasonable amount of additive B2O3 in mold fluxes is 10 wt.%.

2. B2O3 played the role of network former in melts, but decreased the viscosity due to the
introduction of B–O with weak bond energy and the structural units transition from four-fold
coordination boron to threefold coordination boron with loose structure.

3. B2O3 decreased the crystallization ability and the melting point by decreasing the crystallization
temperature and the solidus temperature of mold fluxes during the heating process. The increase
of B2O3 was beneficial to the crystallization of Ca2B2O5, but not Na4Ca4(Si6O18) during the
heating process of mold fluxes.
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