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The effect of CaO/Al,O3 ratio on the structure of CaO-Al,03-B,03 based glassy mould fluxes was inves-
tigated by employing Al and "B Triple Quantum Magic-angle spinning nuclear magnetic resonance
(3QMAS-NMR) and Raman spectroscopy. 2’Al and "B 3QMAS-NMR spectrums showed that AP+ mainly
forms [AlO4] as a network former and B®* mainly forms [BOs3] groups in CaO-Al,05-B,03 based glasses.
Raman spectrum showed existences of different [AlO,4] structure units and BO3 pyro-borate units. In addi-
tion, deconvolution results on Raman spectrums indicate that the degree of polymerization of aluminate
network in CaO-Al,03-B,03 based glasses decreases with the increase of CaO/Al,O3 ratio. The effect of
CaO/Al,O3 ratio on viscosity of CaO-Al,03-B,03 based glassy mould fluxes was investigated by employing
the rotating-cylinder method. The viscosity decreases with increasing CaO/Al,O3 ratio in CaO-Al,03-B203
based mould flux. Correlation between viscosity and structural information of investigated mould fluxes

was explored.
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1. Introduction

Recently, high Al steel (e.g. high AI-TRIP and TWIP
steel) has received increasing attention as it has the perfect
combination of strength to weight ratio and excellent ductil-
ity." Significant amounts of aluminum are added into high
AL-TRIP and TWIP steel to improve properties of steel.”)
However, high levels of Al in the steel may cause great
process control problems during the continuous casting, it
is due to the chemical reactions between SiO, in mould flux
and [Al] in steel. This reaction can be illustrated by follow-
ing equation:**

4[Al]+3Si0, =2AL,05 +3[Si]

The above reaction between the mould flux and steel will
lead to a gradual increase of alumina content and decrease
of silica content in the mould fluxes. The dynamically
changing of chemistry for the mould flux leads to varied
physicochemical properties during the casting. As a result,
there will be several casting problems presented, such as
increased crack frequency, non-uniform heat transfer across
the mould flux, reduced lubrication, efc., and poor casting
performance could be expected.”

Ca0O-ALO; based mould flux is proposed to solve the
problem on chemical composition change of mould fluxes
during high Al steel casting.*® Some researchers have
suggested some additives such as BaO, MnO and TiO; to
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adjust the properties of mould fluxes to meet the demand
for casting of high Al steel.>” However, there are many
problems need to be solved for application of CaO-Al,O3
based mould flux, e.g. strong crystallization and poor
lubrication between steel shell and mould.*® The study on
physiochemical properties of the CaO—Al,Os based system
is still limited to meet the demand for development of opti-
mal mould fluxes for casting high Al steel.

In our previous work, properties of a new type of mould
flux based on CaO-Al,05—B,0; system were investigated.g)
The viscosity at 1300°C, melting characteristics, and
crystallization temperature was measured to compare with
traditional mould fluxes. However, the viscosity at differ-
ent temperature and structure of mould fluxes were not
reported. In order to evaluate the influence of CaO/Al,Os
ratio on the viscosity and structure of CaO-Al,03;—B,0;
based mould flux, measurements on viscosity and structure
of mould fluxes were carried out. The viscosity values of
Ca0-Al,03—B,0s based mould fluxes were measured by
using the rotating spindle method. The water-quenched
glassy mould fluxes subjected to Raman spectroscopy and
triple quantum Magic Angle Spinning Nuclear Magnetic
Resonance (3QMAS-NMR) in order to analyze the struc-
tural of glassy mould fluxes. *’Al and ''B 3QMAS-NMR
were applied to study the local environment of Al and B in
the CaO—-Al,05—B,0s3 based glasses. All approaches provide
a better knowledge of the structure of the CaO—Al,05-B,03
based glasses that should improve the understanding of the
physicochemical properties of the CaO—-Al,Os—B,03 based
melts. A correlation between viscosity and structure of
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mould fluxes would be established.

2. Experimental

2.1. Sample Preparation

Analytical grade CaCO;, Na,COs;, Li,CO;, Al,Os, SiO,
and H3;BO;s (all purity > 99.5%) were taken as raw materi-
als, with the CaCOj; being substituted for CaO. CaCOs were
calcined at 1 323 K to obtain CaO in a muffle furnace for
10 hours. Na,COs, Li,COs, SiO, and Al,O3 powders were
also calcined at 873 K to remove moisture. After carefully
weighed, the powder mixtures were ground in a mortar,
about 140 g fluxes for each sample was prepared for the
viscosity measurement and about 7 g fluxes for each sample
were subject to the Raman and NMR measurement.

2.2. Structure Analysis

All samples were heated in a Pt crucible at 1 723 K for
3 h to ensure homogeneous melting. High temperature
melts were quenched into water to form the glasses. After
quenching, the samples were subject to Electron Probe
Micro-Analyzer (EPMA, JEOL JXA-8230, Japan) to deter-
mine the composition. Nominal Compositions of samples
and analyzed compositions of samples after melting by
EPMA are listed in Table 1. The water-quenched samples
were subjected to XRD measurements as shown in Fig. 1.
It was confirmed that all samples are in glassy state. Glassy
samples subjected to non-polarized Raman spectroscopy
and Nuclear Magnetic Resonance Spectrum (NMR) mea-
surements to determine the structure of fluxes.

Raman spectra were recorded at room temperature in
the frequency range of 20-1 650 cm ™' using a laser con-
focal micro-Raman spectrometer (Horiba, LabRAM HR
Evolution). The experiments were performed in room tem-
perature using He—Cd laser with an excitation wavelength
of 532 nm. All spectra were recorded between 20 and 1 650
cm ', Finally, the spectra were deconvolved using Peakfit
software. During the curve-fitting procedure, widths and
intensities are independent and unconstrained variables.
Raman spectra were fitted by assuming Gaussian line shapes
for peaks of different structural units.

The Triple Quantum Magic Angle Spinning Nuclear
Magnetic Resonance (3QMAS-NMR) spectrums have been
acquired using the Bruker BioSpin GmbH (400 MHz).
"B 3QMAS and *’Al MQMAS were used to obtained the
structure information of B and Al. "B and ?’Al isotropic
chemical shifts Jiso are externally referenced relative to

BF; - Et;0 and a 1 M aqueous AI(NOs); solution, respec-
tively. ''B and *’Al 3QMAS experiments were conducted
at a spinning frequency of 15 kHz. A 3-pulse z-filter
sequence'” was employed for the ''B 3QMAS-NMR and
2TAl 3QMAS-NMR measurements. The duration of the
first, second and third pulse was set to 3,1 and 11.6 us,
respectively.

2.3. Viscosity Measurements

Viscosity measurements were carried out using a rotat-
ing cylinder method with a rotary viscometer (model:
RTW-10). The details about the apparatus, Mo crucible
and spindle have been described in our previous works.'"
Before measurements, the viscometer was calibrated at
room temperature by using standard castor oil with known
viscosity. After carefully weighed, the powder mixture was
ground in a mortar, about 140 g slag for each sample was
subject to the viscosity measurement which was carried out
in a molybdenum crucible and a graphite crucible was used
to protect the molybdenum crucible on the outside of the
molybdenum crucible. Firstly, the samples were held in the
furnace at 1 673 K for 30 min to be pre-melted, and then
quenched in air. During the procedure of viscosity measure-
ment, all samples were held at 1 673 K for 30 min to ensure
that slags were completely melted and homogeneous. Subse-
quently, the molybdenum spindle with a size was immersed
in the molten slag and rotated at 200 r/min. After stability
of the measurement, the furnace was cooled at a rate of 5
K/min and the measurement of viscosity started. Argon was
used by 50 ml/min as the protective gas during the whole
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Fig. 1. XRD patterns of glassy mould fluxes.

Table 1. Chemical composition of CaO—Al,0;-B,05 based mould fluxes.

Composition (mass%/mol%)
SaPIe  Ca0/ALOs

0. CaO A1203 B203 NaZO L120 Th (OC)
Nominal 36/41.6 40/25.4 8/7.4 8/8.4 8/17.3

1 0.9 1240
Analyzed 36.0/41.5 38.1/24.1 9.2/8.5 8.3/8.6 8/17.2
Nominal 38/43.5 38/24.1 8/7.3 8/8.3 8/17.1

2 1 1211
Analyzed 36.9/43.4 35.4/22.8 8.8/8.3 7.5/8.0 8/17.6
Nominal 40/45.3 36/22.4 8/7.2 8/8.2 8/16.9

3 1.11 1155
Analyzed 40.1/46.5 33.2/21.1 7.7/7.1 7.6/8.0 8/17.3
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experimental process.

3. Results and Discussions

3.1. Effect of the CaO/Al,O; Mass Ratio on Structure
of Glassy Mould Fluxes

Figures 2, 3 showed ?’Al and ''B 3QMAS spectra for
glassy mould fluxes samples with CaO/ALLO; = 0.9, 1
and 1.11. In Al and "B NMR studies on glasses, reso-
Iution among various [AlO4], [AlOs], [AlO¢], [BO;] and
[BO,] species in conventional ?’Al and ''B MAS spectra
of such glasses is poor due to the quadrupolar broaden-
ing.'"” 3QMAS-NMR can provide much better resolutions
for structural analyses. In 3QMAS-NMR spectroscopy, the
evolution of multiple quantum coherence is correlated with
the evolution of a single quantum coherence under the con-
ditions of fast MAS, resulting in a separation of the isotropic
chemical shifts and the quadrupolar broadening in a 2D
experiment.'®'*!'¥) In the present work, structures of several
aluminoborate glasses were explored by 3QMAS-NMR
technique. For the CaO-Al,05—B,0; based glasses with dif-
fering CaO/Al,O; ratios, 3QMAS-NMR experiments clearly
revealed the bonding information of Al and B in different
coordination.

As shown in Fig. 2, the resolution of a sole and obvious
signal around 65 ppm region was observed in *’Al 3QMAS
spectra for CaO/Al,0; = 0.9, 1 and 1.11. The 1D spectrum

i

on top is the projection onto the isotropic dimension. The
previous references revealed the presence of four-, five-, and
six-fold coordinated aluminum sites with resonance shifts
near 60-70, 30, and 0 ppm, respectively.'” Based on the
carlier assignments,'*'> the signal around 65 ppm belongs
to the tetrahedral coordinated species [AlO4]. There is no
detectable intensity at [AlOs] and [AlOg] groups at the cor-
responding positions in spectrums of the investigated glasses.
From 1D projection of 2’Al 3QMAS spectra for CaO/Al,0; =
0.8, 1, 1.11 in Fig. 3, it can be seen that the spectrum has a

- 27
[AI0] “A-NMR

CaO/A,0,=1.1
[AIO,] [AIO,]

aO/AI,0,=1.0

'\QaO/AI203=O.9

-0 0 10 20 30 40 50 60 70 80 90 100 110
Chemical shift (ppm)

Relative Intensity

et

Fig. 3. 1D projections of *’Al 3QMAS-NMR spectra for CaO/
ALLOs = 0.9, 1, 1.11. (Online version in color.)
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Fig. 2. ?’Al 3QMAS-NMR spectra for CaO/Al,0; = 0.9, 1, 1.11. The peak assignable to [AlOy] sites is labeled. The
low-intensity feature to the top of the main peak is a spinning sideband (SSB). (Online version in color.)

© 2020 ISIJ



ISIJ International, Vol. 60 (2020), No. 1

strong and broad peak centered at about 70 ppm, which is in
close proximity to the chemical shift of [AlO,4]. Therefore,
most of Al is exclusively connected by four oxygen of the
structure in present glassy slags. It was reported that [AlO4]
is the main bond of Al in the investigated aluminoborate
glasses.l3’16’l7) The molar ratio of CaO/ALLOs calculated
from chemical compositions of mould fluxes is increased
from 1.64 to 2.02 in present glassy slags. The molar ratio
of CaO/Al,O3 is much larger than 1 which guarantees that
AP* can be compensated completely to form [AlO,] groups.
Therefore, it can be concluded that AI** is mainly to form
[AlO4] as a network former. McMillan et al., investigated
the structure of CaO-ALO; glasses by Al MAS-NMR,
showed that Al formed fourfold (tetrahedral) coordination to
oxygen in the glass (CaO: ALO; > 1).'"® Neuville et al.,"”
investigated the Al coordination and speciation in calcium
aluminosilicate glasses by Al MQ-MAS NMR, found that
only AlO, tetrahedra are detected in calcium aluminate with
low silica and high CaO content. Licheron et al.,”” reported
that only a characteristic of the tetrahedrally-coordinated
aluminum was identified in CaO-Al,O; glasses with CaO/
Al,O3 > 1. These results are consistent with our results.
"B 3QMAS-NMR spectrums for the samples with
increasing CaO/AlL,Os ratio were shown in Fig. 4. [BO;]-ring
groups and [BOs]-nonring groups at 12 ppm and 6 ppm can
be discriminated by ''B 3QMAS-NMR spectrums.?”’ No
site of [BO4] group around 0 ppm can be found in ''B

ke

T
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3QMAS-NMR spectrums. This indicated that almost all B**
is to form [BOs] group.

According to previous studies,’? within a boron-containing
glass, B** may be coordinated by four oxygen atoms ([BO4]
groups), or coordinated by three oxygen atoms ([BOs]
groups).Three coordinated boron may also have NBOs
(asymmetric BO; groups). Unlike in silicates, when modi-
fiers oxides are initially added to B,Os;, most, if not all,
[BOs] is converted to [BO4] without the formation of NBO.
Since an increase in modifier species could introduce NBO
into the system, this change has been hypothesized by the

structural reaction:*?

[BOs;]+ NBO < [BO,]

At low contents of modifier oxides in boron-rich glasses,
this reaction is nearly complete.” > If more modifiers are
added, four coordinated boron begin to convert to asym-
metric BOs groups. However, both the beginning point and
the rate of this process depend strongly on the composi-
tion.”” In boroaluminate glass, at high modifier contents,
[BO4] transforms into [BOs] in part to avoid formation of
MB-0-B and "B-O-"Al species, which is relatively
energetically unfavorable since the bridging oxygen atoms
have higher net negative charges.'>'>'® Higher modifier cat-
ion field strength favors the formation of NBO and convert
[BO4] into [BO5]."*?2® In present glassy slags, the molar
ratio of CaO/B,0s increases from 5.62 to 6.29. It can be
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seen that CaO is much higher amount than B,Os;. Due to
this phenomenon, [BOs] is conclusively formed in present
slags. Alkali metals and alkaline earths play dual structural
roles in alkali and alkaline earth boroaluminate glass. One
of these roles is to serve as network-modifiers to decrease
the network degree of polymerization. In this sense, these
cations are linked to terminal oxygens on tetrahedra. The
other role is to charge compensate cations such as tetrahe-
dral B** and AI’*. Hayek et al.,”” investigated the structure
of lime alumino-borate glasses by ''B NMR and ?’Al NMR
spectroscopies and found that B** and AI’** are mainly
formed [BOs] and [AlO4] when the concentration of B,O;
is less than 8.8 mass% and the CaO/Al,Os is approximately
equal to 1.13. The composition of lime alumino-borate glass
is very close to sample 3 in our work. This further proves
the correctness of the results in our work.

In order to analyze the change of degree of polymeriza-
tion of the aluminate or boroaluminate network, Raman
spectrums were collected for the present glassy mould
fluxes. Original Raman spectrums of all samples were
shown in Fig. 5. It could be seen that there are three main
intensity peak envelopes of the center shift at about 540
em™ !, 770 em™!, 920 cm ™!, respectively. According to
the Licheron et al,*” the Raman spectrum of C50AI50
glass consists of strong bands at 520 cm ! and 790 cm !,
which were identified by the transverse motions of bridged
oxygens within the Al-O-Al linkages and the symmetric
stretching vibration of Al-O. This is consistent to our study.
These main peaks could show the information of Al-O-Al
oxygen bridged bond, the network structure formed by
[AlO4] and [BOs] structure. Three regions in the Raman
spectra were detected: the low-frequency region (300-700
cm '), the mid-frequency region (700-900 ¢cm ') and the
high-frequency region (900-1 000 cm'). The band near
550 cm ™! in AlLOs-rich glasses is due to the presence of
Al-O-Al bridges in the low-frequency region.*'” The bands
at 770 cm ! were ascribed to the Al-O stretching in differ-
ing Q" species (n = 0.1.2.3.4, it is the number of bridging
oxygen in [AlO4]) in the mid-frequency region (700-900
cm 1).!%39 The Raman band at around 770 ¢cm ™' shifts to
lower wavenumbers with the increase of CaO/Al,O3 ratio.
The bands at 920 cm ™! were attributed to the symmetric
stretching vibrations of terminal oxygen atoms in orthobo-
rate units [BO;].'"*'*? That is to say, B** is mainly to form
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Fig. 5. Original Raman spectra for samples for CaO/A1,03 = 0.9,
1, 1.11 at room temperature.
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[BOs] groups in present slags. It is in consistence with ''B
3QMAS spectra results.

The de-convoluted results of Raman spectra are showed
in Figs. 6(a)-6(c) through the Gaussian-Deconvolution
method similar to method by Mysen et al* with the
minimum correlation coefficient r* > 0.998. All spectrums
were successfully fitted to obtain quantitative information
of structure. The low-frequency region (300-700 cm ') has
been fitted to two peaks in all glasses. The band near 550
cm ' was due to the presence of Al-O-Al bridges. The
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Fig. 6. The deconvoluted results of Raman spectra for CaO/
Al,03=0.9, 1, 1.11. (Online version in color.)
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intensity of Raman band at around 550 cm ™' drastically
decreased with increasing CaO/Al,O; ratio. The decrease of
the relative intensity of Raman band at 550 cm ™! indicated
that the number of bridging oxygen decreased by increasing
the CaO/Al,O; ratio. That is to say, the aluminate structure
is partly modified by the increase in the CaO/Al,O3 ratio.
Next to the peak, the bands at 630 cm ™' presented a small
peak, it was ascribed to By—O—Al;y bending vibration.?**
The relative intensity of Raman band at 630 cm ™' had
no significant changes in all glasses. Cormier et al.,***”
have reported that there have various Q"(Al) (n = 0, 1, 2,
3, 4) species in 61 mol%CaO and 39 mol% Al,Os glass.
The CaO/Al,Os ratio for their glass is close to that of the
sample 3. Therefore, the Raman bands at 770 cm ™' in the
mid-frequency region (700-900 cm ') has been assumed to
be fitted to five kinds of Q" structure units in present work.
The Raman bands at 720 cm ™!, 740 cm ™!, 760 cm ™!, 780
ecm ! and 830 cm ™! correspond to the Al-O stretching
vibration in [AlO,] tetrahedral units with the NBO/Al = 4
(Q°A1), NBO/AI = 3 (Q'a1), NBO/AI = 2 (Q?A1), NBO/AI =
1 (Q*A) and NBO/AI = 0 (Q*4)), based on the assignments
of Raman bands in spectral of aluminate glass.’****? The
deconvolution results were shown in Table 2. As seen in
Table 2, Q2A1 replaces Q3A1 to become the strongest band
with the increase of CaO/Al,O; ratio. The intensity of Q3A1
and Q4A1 were decreased, while the intensity of QOAI, Q' Al
and Q2A1 were increased with increasing CaO/Al,Os ratio.
According to Frantz and Mysen,*” the mole fractions
of different structure units are related to the band areas in
Raman spectra. In this work, the average number of bridg-
ing oxygen of each sample is used to explain the change of

Table 2. Deconvolved results of Raman spectra for CaO-Al,03—

B,0; based glasses.
Percentage of each unit (%)
Sample No. CaO/Al,Os
Q% Qa Qa Qa Q'
1 0.9 6.83  13.22 19.60 39.92 20.43
2 1 7.47 14.36  30.77 32.66 14.75
3 111 775 2815 4426 1552 432
4
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Fig. 7. The change of the average number of bridging oxgyen for
CaO/AL,O; = 0.9, 1, 1.11. (Online version in color.)
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the aluminates structure network, which could be estimated
by summation of the area ratio of all structural units (Q°,
Q', Q% Q° and Q*) multiplied by the number of its bridging
oxygen. The effects of CaO/Al,Os ratio on the estimated
average number bridging oxygen were shown in Fig. 7. It
can be seen that the average number of bridging oxygen
just decreased from 2.54 to 1.81 as the CaO/Al,O; ratio in
mass increases from 0.9 to 1.11, indicating degree of polym-
erization of aluminate network is decreased. Meanwhile,
the NBO/T (the ratio of Non-bridging Oxygen/Oxygen
in Tetragonal bonding) values have been estimated using
a mathematical model reported by Mills et al,*" It was
obtained that the values of NBO/T for slags with CaO/Al,O3
ratio of 0.9, 1.0 and 1.1 are approximately equal to 1.05,
1.19 and 1.37 respectively. The values of BO/T for slags
with CaO/Al,O3 ratio of 0.9, 1.0 and 1.1 can be deduced
to be 2.95, 2.81 and 2.63 respectively, which are shown in
Fig. 7. It can be seen that the values between the Raman
calculation and the mathematical model are close to each
other, indicating that the estimation method for the average
number of bridging oxygen in present work is reliable.

3.2. Effects of the CaO/Al,O; Mass Ratio on Viscosity
As can be seen from the viscosity curves of the mould
fluxes with the w(CaO/Al,O;) ratio decreased from 0.8 to
1.11 in Fig. 8, the viscosity of CaO-Al,0s—B,0; based
mould fluxes decreased with the CaO/Al,O; ratio increas-
ing from 0.9 to 1.11 at the same temperature. Additionally,
it can be found that with the increase of temperature, the
measured viscosity decreased because of a weaker inter-
action among flow units caused by temperature increase.
Below a critical temperature, the viscosity of mould fluxes
rapidly increases with decreasing temperature. This critical
temperature could be defined as a breaking temperature for
mould fluxes. It can be seen from the Fig. 8 that, the break-
ing temperature for mould fluxes decreases with increasing
CaO/Al,O; ratio. The breaking temperatures from viscosity
curves are mainly dependent on the thermodynamic liqui-
dus temperature and crystallization behavior of slag. The
thermodynamic liquidus temperature for slag cannot be
calculated from thermodynamic package due to the limiting
thermodynamic data for this new slag system. But according
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Fig. 8. Viscosity of mould fluxes with varying CaO/Al,O3; mass
ratio as functions of temperature.
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to our previous study on crystallization of the same slag,*”
the slag with the lowest CaO/Al,O; ratio (CaO/Al,O3; = 0.9)
has the fastest crystallization, which could also contribute to
the highest breaking temperature.

Correlation between structural information and phys-
iochemical properties of slags could be explored. Many
researchers have reported that viscosity of slags has closely
relationship with structure.®**#%% In this work, with the
increase of CaO/ALOs ratio, more excess free oxygen ions
(O*) supplied from the dissociation of CaO would lead to
a gradual decrease of the bridging oxygen structure (BO)
in aluminate structure and an increase of the non-bridging
oxygen (NBO) in aluminate structure. This would promote
the de-polymerization of aluminate structure, leading to
smaller and simpler aluminate structure units. On the other
hand, with increasing the CaO/AlL,O5 ratio, more excess free
oxygen ions (O*") supplied from the dissociation of CaO
were introduced into borate structural units to create more
NBO for borates. This also leads to the formation of many
small and simple structure units of borate which is beneficial
to viscous flow of slags. The modified network structures
of boroaluminates have comparably smaller unit network
structures resulting in lower resistance for shearing the
liquid layers to decrease the viscosity. The 3QMAS-NMR
and Raman spectral study in section 3.1 confirmed that the
degree of polymerization of aluminates is decreased with the
increase of CaO/Al,O; ratio. Due to above reasons, with the
increase of CaO/Al,Os ratio, the viscosity of mould fluxes
are decreased.

4. Conclusions

The effect of CaO/Al,O5 ratio on viscosity and structure
of CaO-Al,05—B,0; based mould fluxes were investigated
by employing the rotating-cylinder viscosity measurement
in conjunction with ”?A1 3QMAS-NMR, ''B 3QMAS-NMR
and Raman spectroscopy measurements. Furthermore,
the relationship between viscosity and structure has been
explored. The following conclusions have been obtained.

(1) *’A13QNMR and ''B 3QNMR investigation results
have shown that Aluminum mainly forms [AlO4] as a
network former and Boron mainly forms [BOs;] groups in
Ca0-AL05-B,05 based glasses.

(2) Raman spectral investigation confirmed that boron
mainly forms pyroborate (BOs) structural units in CaO—
ALLOs—B,03 based glasses. In addition, deconvolution
results on Raman spectral showed the degree of polymer-
ization of aluminate network in CaO-Al,O;-B,0; based
glasses decreased with the increase of CaO/AL,O5 ratio.

(3) The viscosity of CaO-Al,O3;-B,0O; based mould
fluxes decreased as increasing CaO/Al,O; ratio in CaO—
AlL,O3-B,0O; based mould fluxes. Correlation between
viscosity and structural of mould fluxes could be obtained.
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