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Abstract: The effect of B,O3 content on the viscosity of Si0O,—MgO—FeO-based molten slag system was investigated
using the rotating cylinder method. The evolution process of the melt structure under different contents of B,O3; was
comprehensively studied via FTIR spectroscopy and a model for calculating the degree of polymerization was
developed. The results showed that the viscosity of the molten slag decreased with the addition of B,Oj3, which had a
slight effect when its content exceeded 3 wt.%. As the addition of B,Os increased from 0 to 4 wt.%, the break
temperature of the slags decreased from 1152 to 1050 °C and the apparent activation energy decreased from 157.90 to
141.84 kJ/mol. The addition of B>O; to the molten slag destroyed the chain silicate structure to form a more cyclic
borosilicate structure. The Urbain model was improved to calculate the viscosity of the SiO,—MgO—FeO-based slags,
and the values were in good agreement with the experimentally measured values.
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1 Introduction

As an important strategic metal, nickel is
produced mainly from nickel sulfide ore. With the
gradual consumption of high-grade nickel sulfide
ore, the low-grade ore with a high magnesia content
has gradually become a possible raw material for
nickel smelting. The magnesia will change the
melting point and viscosity of the slag, which
makes the increase of the operation difficulty of
nickel flash furnace smelting process. Currently, the
MgO content of the flash furnace slag used in
Jinchuan Company, China, is approximately
10 wt.%. To keep the slag viscosity within a
reasonable range for smelting, the temperature
needs to be increased significantly corresponding to
the small increase of MgO in the nickel ore, which
leads to a quick increase of smelting energy
consumption, and the production costs of the

company will increase. Therefore, in this work a
way of adding B>O; was proposed to improve
viscous flow characteristics of the slag, reduce the
smelting temperature, and achieve the goal of
saving energy during nickel flash furnace melting.
Previous research proved that a small amount
of B,Os could remarkably enhance the fluidity of
slag. WEI et al [1] found that the break temperature
of fluorine-free mold fluxes was reduced with the
addition of B;Os;. WANG et al [2] studied the
effects of B,Os on the rheological behavior of
MgO—Si0;,-based slag, which suggested that the
viscosity of the slag decreased with the increase of
B»0; content from 3 wt.% to 9 wt.%. It was also
observed that although B;O; was a maker, it still
could reduce the viscosity of the fluoride-free
slag [3]. To evaluate the effect of B>O; on the
viscous flow characteristics of molten slag, the
break temperature [4,5], activation energy [6],
structure [7—10] and viscosity prediction model [11]
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of molten slag have been studied extensively.
However, these studies mainly focused on the two
types of slag systems, such as blast furnace slag and
continuous casting protection slag. Up to now, the
precise effect on nickel flash melting furnace slag
containing a high MgO content and a high FeO
content has not been systematically investigated.
The presence of large amounts of basic oxides may
change the form of the main silicate structure of the
melt, and the effect of B,Os on the structure should
also be revealed. In addition, about 3 wt.% of other
components, such as CaO and Al,O3;, may also be
present in the nickel flash molten slag, but their
action mechanism is unclear. Therefore, studying
the viscosity and structure of SiO,—MgO—-FeO-
based slag is of great significance for making full
use of nickel ore with high magnesium contents.

In this study, rotating cylinder method was
adopted to measure the viscosity of a Si0,—MgO—
FeO-based slag system with varying B,Os contents.
The structural transformation was investigated
by Fourier transform infrared (FTIR) spectroscopy
and verified by calculating the break temperature
and apparent activation energy. The influence
mechanism of B;Os; in SiO;—MgO—-FeO-based
nickel flash molten slag was determined and
discussed.

2 Experimental

2.1 Materials

The experimental samples were prepared
based on the actual slag from the smelting of
high-MgO nickel sulfide ore in a flash furnace, and
the main components were FeO, MgO, SiO,, Al,O;
and CaO [12]. To avoid the influence of trace
elements in the actual slag sample, an analytically
pure reagent was used to prepare the experimental
slag sample. The FeO in the experimental samples

Table 1 Experimental compositions of slags (wt.%)
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was obtained from FeC,O4. The contents of B»O;
were 0, 1, 2, 3 and 4 wt.%, respectively. The
compositions of the samples are shown in Table 1.
A given amount of chemical reagent was precisely
weighed and then put into a vertical tube furnace
and heated at 1500 °C for 180 min in an argon
(99.999%, 0.3 L/min) atmosphere to make the
chemical composition uniform. The pre-melted
sample was poured into water to obtain a
completely glassy phase, and the glass-like sample
was then crushed. All slag samples were tested by
X-ray diffraction (XRD, D8 ADVANCE A25;
Bruker AXS, Germany) to confirm that the molten
slag after quenching was amorphous. The main
chemical contents of the sample determined using
X-ray fluorescence spectrometry (XRF, S4 Explorer,
Bruker, Germany) are shown in Table 1. Finally,
Fourier transform infrared (FTIR) spectroscopy
(Thermo Fisher; Nicolet iS5) was performed on
pre-melted slag samples to explore the effect of
B»0; on the structure of nickel slag.

2.2 Viscosity measurements

The viscosities of the samples were measured
using a (RTW-10, Northeastern
University, China). The equipment used for the
experiments is shown in Fig. 1. The viscometer was
calibrated using castor oil before each viscosity
measurement. During the viscosity measurement,
the experimental samples (150 g) were placed in a
Pt crucible (inner diameter of 50 mm and height of
70 mm). The samples were heated to 1500 °C at a
rate of 5 °C/min and maintained at that temperature
for approximately 240 min to ensure that the
temperature and composition of the molten slag
were uniform. Then, spindle (Mo, diameter of
15 mm) was infused into the fluid slag slowly with
a low rotation rate, and the slag was cooled slowly
to 1320 °C and held at a certain temperature for

viscometer

Pre-experimental composition (weighed) Post-experimental composition (XRF)
e CaO  FeO Si0,  ALO;  MgO  B,Os Ne- CaO FeO SiO, ALO; MgO B,0;
1 1.2 52.76 34.04 23 9.7 0 1 133 5282 34.02 2.13 9.86 0
2 1.2 52.15 33.65 23 9.7 1 2 128 5221 3351 209 9.89 092
3 1.2 51.55 33.25 23 9.7 2 3 131 51.66 33.01 211 991 1.79
4 1.2 50.94 32.86 2.3 9.7 3 4 133 51.03 3263 214 9.85 2389
5 1.2 50.33 32.47 2.3 9.7 4 5 135 5045 3226 219 981 3.86




Xin-yi ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2403—2413 2405

10 min to ensure that it was uniform and stable. The
viscosity value was calculated and recorded by the
software on the computer. The experimental profile
for the viscosity measurement is shown in Fig. 2.

-+ Torsion wire

MoSi, heating
7 element

- Gas outlet

- Pt crucible

- Alumina tube

- Gas inlet

Fig. 1 Schematic diagram of experimental apparatus
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Fig. 2 Temperature regime curve for viscosity experiment
3 Results

3.1 Effect of B,O3 content on melt viscosity

The viscosities of samples with varying B,O3
contents at different temperatures are shown in
Fig. 3. Under the condition of the temperatures
between 1100 and 1350 °C, the viscosity decreased
as the B>O; content increased from 0 to 4 wt.%.
When the B,O; content increased from 0 to 3 wt.%,
the viscosity of the molten slag decreased rapidly,
and the effect on the viscosity was relatively
slightly with further increase of the B,O3 content. It
was deduced that there was a moderate content
of B,Os to improve the viscosity of the SiO,—MgO—
FeO-based molten slag.

3.2 Break temperature and apparent activation
energy
The break temperature (7tr) can be represented
by the intersection of the viscosity—temperature
curve and a 45° tangent line, representing the

temperature at which the viscosity changes
significantly [2]. It is a key parameter to determine
the rheological behavior of nickel slags. Ty values
of Samples 1, 2, 3, 4 and 5 with B,Os contents of 0,
1,2, 3 and 4 wt.% were 1152, 1130, 1107, 1075 and
1050 °C, respectively, as shown in Fig. 4. Sample 1
(without B»03) had the highest T3 (1152 °C), which
would decrease continuously as the addition of
B,Os increased. This is mainly due to the fact that
B»0; is one kind of fluxing agent which could
decrease the liquidus temperature of slag. On the
other hand, this tendency seems to be related to a
shift from a silicate network structure to a
borosilicate network structure [7,13].

0.5
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R 41250 °C
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Z 03l —— 1350 °C
B
S 02f AL
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Fig. 3 Viscosity of molten slags with varying B>O;

contents
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Fig. 4 Variation in break temperature of nickel slags with
varying B,Oj; content

As an important viscous property of molten
slags, the viscous flow activation energy could
reflect the resistance when the viscous flow unit
should overcome to move between different
equilibria, which could also reveal changes in the
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molten slag structure [5,14]. The viscous flow
activation energy can be calculated according to the
Arrhenius equation shown as follows:

n=Aexp[E/(RT)] ey

where # represents the viscosity of the molten slag
(Pa-s); A4 is the pre-exponent factor; R is the molar
gas constant (8.314 J/(mol'K)); E, stands for the
activation energy of the molten slag (kJ/mol), and T
means the thermodynamic temperature (K).

The logarithm of Eq. (1) is taken to obtain

Eq. (2):
In #=In A+E,/(RT) 2)

The fitting relationship between the natural
logarithm of the viscosity (In #) and 1/7 is shown in
Fig. 5. The apparent activation energy (E.) of the
slag can be obtained from the slope of the
fitted straight line, which is plotted in Fig. 6. With

-0.5
-1.0r
-1.5F
n'.j -2.0F
S
S5
= — 4 wt.% B,0;
=30} *e— 3 Wt.% B203
‘ s — 2 wt% B,0,
v — 1 wt.% B0,
3.5+ +— 0 Wt.% B203
6.23 6.65 7.07 7.49
T71/1074K™!

Fig. 5 Plots of In#y versus 1/7 for molten slag with
different B,O3 contents
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Fig. 6 Calculated apparent activation energies of slag

samples with different B,O3 contents

the increase of B,O; content from 0 to 4 wt.%, the
viscous flow activation energy of the slag samples
decreased from 157.90 to 141.84 klJ/mol. The
increase in B,>Os content reduces the barrier to flow
and the viscosity of the molten slag, which is
consistent with the viscosity measurements. The
change in the activation energy reflects the
transformation of the molten flow unit, which
means that adding B,Os can change the
composition of the flow unit of the molten
slag [15].

3.3 Effect of B,O3 on molten slag structure

observed using FTIR

The FTIR spectra of the SiO.—MgO—FeO-
based molten slags with various B>O; contents are
shown in Fig. 7. The corresponding transmittance
regions of infrared (IR) active structural units from
recognized references are summarized in Table 2.

The transmittance troughs of the [BO;]
stretching at 1200—-1600 cm™' were significantly
deeper, and the [BOs]-trihedral bending vibration
band at 700-750cm™' was enhanced with
increasing B,Os content. This indicates that B**
mostly existed in the form of [BOs] groups in the
molten slag system. Meanwhile, the basic metal
oxides in the molten slag system provided a large
amount of free oxygen ions to form [BO,O]-
trihedral bond, which is consistent with previous
studies [16,17].

The [SiO4]-tetrahedral bands were divided into
four typical silicate structural units Q" (n=0, 1, 2,
and 3, behalf of the number of bridging oxygen
atoms) [18]. In Fig. 7, the molten slag without B,O;
contained more @ and less Q°, Q" and O,
indicating that the Si—O structure in the molten
slag was dominated by chains (Q*). Compared to
conventional silicate molten slag, the basic oxides
in the SiO,—~MgO—-FeO-based slag system could
provide more free oxygen ions, which were easier
to form a chain or other simple structure by cutting
down intricate silicate network. Depending on the
charge balance, the interrupted Si—O—Si structure
always connected to a cation, forming a Si—O—M
structure [19]. The O in the [SiO4]-tetrahedral band
decreased substantially, and the Si—O—Si bending
vibration (400—600 cm™') decreased, which means
that the original Si—O—Si structural units were
depolymerized.



Xin-yi ZHANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 2403—2413 2407

Asymmetric stretching B
vibration of Si—0—p B0 of [BO,07]
N and [BO;]

[BOs] stretching

-
[SiO,] stretching

%’(Si) O*(Si)  O'(Si) Q"(S'i)

15
§ 50 S
1 1
[BOs]-bending
I /vibration

Si—O bending
vibration

Sample 1

Sample 2

Sample 3

Sample 4

)"'/\\_/S_a_mp]e 5

T—O —T bendmg

1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500
Wavenumber/cm’™!

400 300

Fig. 7 FTIR results of as-quenched samples with various B,Oj; contents

Table 2 Assignments of FTIR spectra bands
Wavenumber/

om’! Assignment Ref.
400-600 bend?ng (3ibr;1rtions [14,20,21]
650 Si—O bending vibration [2,5,22]
700—750 [BOs] bending vibration [23]
850 0° ([SiO4]* monomers) [2,5,22]
900 0" ([Si207]° dimers) [2,5,22]
950-1000 0O?([Si3010]® chains) [2,5,22]
1050 03([Si309]° rings) [2,5,22]
1200—1600 [BOs]-stretching vibration  [14,24,25]
1250 1300 burhedra bond 142425]
1450 Asymmetric stretching [2,1424.25]

vibration of Si—O—B

T denotes Si, Al, or Ti elements

3.4 Structural analysis results of melt slag using
XPS

The FTIR spectra indicated that adding B.O;
to the nickel slag had a significant effect on the melt
structure. To obtain quantitative results, the main
O 1s peaks of the melt structure of samples were
analyzed by XPS and the results are illustrated in
Fig. 8.

There are three different types of oxygen
present in silicate melts, the bridging oxygen (BO),
the non-bridging oxygen (NBO) and the free

oxygen (FO), respectively. The variation in the
fraction of different types of oxygen ions can
provide details of the bonding complexity of the
melt [26]. Figure 8 shows the binding energies of
nearly 530.3, 531.3, and 532.2 eV are assigned to
free oxygen, non-bridging oxygen, and bridging
oxygen, respectively [27]. And the intensity peaks
which correspond to the varying oxygen ion species
change appreciably with the addition of B»O;. In
particular, the non-bridging oxygen is always a
relatively large part of the melt, and the fraction of
bridging oxygen gradually increases with the
increase of B»O; content. It can be observed
that, the proportion of bridging oxygen gradually
increases, resulting in a higher degree of
polymerization (DOP) for the melt [18].

The proportions of BO, NBO and FO can be
obtained by calculating the combined area of the
deconvolution peaks, which are shown in Fig. 9.
When the B,O; content reaches 4 wt.%, the
proportion of BO increases from 14.14% to
23.67%, while the proportion of NBO increases
from 21.12% to 32.95%. This further suggests that
B»O; can link silicate structure in the melt and
produce more aggregated BO.

3.5 Degree of polymerization of borosilicate
structure
The parameter degree of polymerization (DOP)
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Fig. 8 O 1s XPS spectra for SiO,—MgO—-FeO-based molten slags as function of binding energy with varying B,Os
contents: (a) Without B,O3; (b) 1 wt.% B,0s; (¢) 2 wt.% B20s; (d) 3 wt.% B»0s3; (e) 4 wt.% B,03
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represents the structure of the molten slag and has a
very strong relationship with the viscosity. In
general, the ratio of the molar fraction of the
available network breaking oxides to the molar
fraction of the tetrahedral coordination cations (F)
is used to characterize the DOP, while Q could
reflect DOP of the molten slag structure, as shown
in Egs. (3) and (4) [9,21]:

P 2(Z’CMZO + D Xvio — XA1,0,)
Xsi0, +2Xx1,0,

2112 2204 2420 92615 NBO
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B,0; content/wt.%

Fig. 9 Proportions of different types of oxygen O=4-F 4)
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where MO and M0 are basic metal oxides and x
represents the molar fraction of each component.

In the molten slag systems, CaO, FeO, and
MgO are generally considered as network modifiers,
and their molar fractions are included in the
numerator of Eq. (3). SiO, and B,Os usually act as
network forming agents, and their mole fractions
are put into the denominator of the equation. MIN
et al [22] mentioned that Al,Os is an amphoteric
oxide for Si0,—Al>O3; molten slag systems, and the
Al—O bond can only be detected at mass fraction
of Al to (Al + Si) >0.19 wt.%. Otherwise, it is stable
as A’ in the molten slag. In this study, the content
of AlLO; (2.3 wt.%) is relatively low compared to
that of SiO, (from 32.47 wt.% to 34.04 wt.%) and
mass fraction of Al to (Al + Si) <0.1 wt.%. In
addition, there is no significant [AlOs] telescopic
vibration in the FTIR diagram, suggesting that
Al O3 is present in the molten slag as monomeric
AP’ ions. Thus, it can be inferred that A1,O3 could
act as a network breaker, releasing Al** and O ions
and breaking the network structure of the present
molten slag system. Equations (3) and (4) can be
modified as follows:

= 2'(Z:XCaO + ZxFCO + ZngO + xAle3 )

F (5)
Xsio, T XB,0,

O1=4-F (6)

where F and Q; are modified values of F and Q,

respectively.

In Fig. 10, it is clear that as the B»O3 content
increases, (J; value increases, and the F) value
decreases, which also indicates an increase in the
DOP of the molten slag structure. This result is
consistent with the conclusion of the XPS analysis.

4.0

Fl
3.8r —o— Q1
36T
347

32%
22}

20r

0.4r
02F

O 1 1 1 1
0 1 2 3 4

B,0; content/wt.%

Fig. 10 Changes in F; and O,

Fl,Ql

In general, an increase in the DOP leads to
increasing the viscosity of the molten slag.
However, previous studies on the viscosity of
silicate melts have shown that B,Os can effectively
reduce viscosity [9,23]. Therefore, the viscosity is
not just determined by the DOP of the structural
units in the molten slag. Despite DOP changes, it
also has other competitive effects to reduce molten
slag viscosity which merits further discussion.

4 Discussion

4.1 Evolution of molten slag structure

Si0,—FeO—MgO-based molten slag systems
contain substantial basic oxides of FeO and MgO,
which generally act as network modifiers in the
molten slag, to release free oxygen ions (O%).
Therefore, the
depolymerized from the mesh into simpler chains
([Si207]%), as shown in Fig. 11.

silicate network structure 1is

® M ® Si ®B ® o> ) Bridging oxygen ‘ Non-bridging oxygen
» 9
2. - D
° )._.“,\ o > o :;) e )
® ) » )’ 9 Breaking bonds )Q) > ). L @
> 5 52 — N
.) Q® | 4 L ® ) 9 S
Shepv I I ) . o
e, 8. Ty > » L
) 1.' ) o« D
P B »--. B '.... [ M2+
% S oo

(Complex network structure)

Fig. 11 Decomposition of silicate networks

(Simple structure)
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The addition of B,O; to the molten slag system
produces [BOs;]-trihedral structural units. In the
presence of a basic oxide (MO), part of the
[BOs]-trihedral units which combine with O® in
the molten slag could form asymmetric [BO,O]-
trihedral ~ structures (containing non-bridging
oxygen), as shown in Fig. 12, which is close to that
observed by WANG et al [28]. The FTIR analysis
of the [BOs] stretching vibration and the B—O
bonding vibration bands in the [BOs]- and [BO,O]-
trihedral units become more significant with the
addition of B;0s, which could also confirm this
conclusion.

The [BO>O]- and [BOs]-trihedral structural
units were generated by the combination of B,O;
with the chain silicate structures of the molten slag
to form more ring-like structures. In this process,
the Si—O—Si bonds present in the long chain-like
structure are broken, while the ends of the shorter
chain-like silicate structure are joined to become the
more mobile Si—O—B ring structure. The chains
containing [BO;3]- and [BO,O ]-trihedral units
became more complex than the one without adding
B,0s, thus increasing the DOP of the molten slag.
This explains results from the FTIR analysis,
where adding B,O; decreases the bending vibration
of Si—O—Si while increasing the Si—O—B

oV @Si @B @0
M2+
29 °9°
Breaking bonds
A .
: [

Fig. 12 Decomposition process of B,O;

oM @Si @B @O0O*
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% I |
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) |
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> 2 P L
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> %o ) 9 >
) % !
o )t > %o "
) L ) 9 |

Chain Si—O—Si structures

Fig. 13 Decomposition of Si—O—B structures
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asymmetric tensile vibration. And the decrease in
the fraction of non-bridging oxygen and an increase
in the fraction of bridging oxygen also explained
the results of the XPS analysis. The evolution of the
molten slag structure during the reaction is
schematically shown in Fig. 13.

In general, adding B,Os; could improve the
melt flow and reduce the melt viscosity, while the
melt DOP increases as the following three ways.

In the presence of FeO and MgO, the B—O
bonds in the molten slag mainly appear as [BO.O]
and [BOs] two linkage modes [24,25]. As one of the
dominant B-related units, the [BO;]-trihedral unit
exhibits a simple two-dimensional (2D) structure
that can greatly reduce the viscous resistance during
flow [29]. At the same time, the [BO,O ]-trihedral
structure unit generated in the presence of O~
contains more non-bridging oxygen, which also
reduces the symmetry of the molten slag structure.
Moreover, WANG and CHOU [30] also suggested
that the formation of [BO,O ] can decrease the
viscosity of molten slag. These factors make [BO;]
as a simple planar structure, reduce the viscosity of
slag, and improve the fluidity of slag.

Meanwhile, the B—O trihedral structure is
introduced into the silicate network, which
disrupts the Si—O—Si structural units and forms
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asymmetric Si—O—B bonds. In addition to reducing
the number of less mobile chain structures to
generate small and mobile ring structures, and the
role of B is also in changing bond energies. The
electronegativity of B (2.0) is higher than that of Si
(1.8) and attracts more electrons [21]. As a result,
the valence electron cloud in Si—O—Si is biased
towards the B atom, which weakens the covalent
bonds in Si—O. Some Si—O bonds are shortened
under the influence of boron oxide, while others
grow, which reduces the uniformity of the network
and the strength of the structure. This is clearly
illustrated by the fact that with the addition of B,Os3,
the Si—O—Si bending vibrations of the molten
slag samples in the range of 400—600 cm™' of the
FTIR spectrum are reduced.

In addition, as a low-melting oxide (with a
melting point of 450 °C), B,O3 could combine with
oxides in the molten slag to form a series of
low-melting compounds, which can significantly
reduce the break temperature of the molten slag
and increase the superheat of the molten slag
system [2,8]. Therefore, in previous studies, the
molten slag viscosity decreased with increasing
B»0; content in the borosilicate melt.

4.2 Models and prediction of viscosity

The rotating cylinder method is widely used in
molten slag viscosity measurements. However, it
is difficult to apply the method to actual
production because of the complex and variable
composition. Numerous viscosity models have been
developed over a long period to predict the
viscosity of metallurgical molten slag over a
range of components and temperatures, for example,
URBAIN [31] and IIDA et al [32]. Among them,
the Urbain model provides good predictions
for conventional SiO,—MO and its subsystems,
with a wide application range. KONDRATIEV and
JAK [11] have also corrected the Urbain model and
applied it to the SiO,—Al,03—CaO—FeO quaternion.
The Urbain model is a two-parameter expression
for viscosity and can be expressed as follows:

n=A"Texp(1000B/T) (7)

In this work, the Urbain model is modified to
describe the viscosity behaviour of all-liquid molten
slags with relatively high concentrations of basic
oxides, such as FeO. The new model reclassifies the

oxides according to the molten slag situation and
optimizes parameter B to classify all cations into
three categories: network forming agents, modifiers
and amphiphilic cations, as follows:

Network forming agents: xc=xsio,*xB,0.;
Network modifier: xM=xcaotxmgo:
Amphoteric: xa=xaL0,.

where 4" is a modified pre-exponential parameter;
B is a parameter related to xg, xm, and xa; xa, xm and
xg are the mole fractions of the network forming
agents, network modifier oxides and amphoteric
oxides, respectively.

The relation between 4° and B can be
calculated by as follows:

—In A"=mB+n (8)

B=Bo+Bixg+Bx2+B3x )

B=artbiatcio® (10)

). (i
PEVEEN

where a;, b; and ¢; (=0, 1, 2, and 3) are the
coefficients obtained by fitting the experimental
data.

Since the empirical parameters m and n
proposed by Urbain could not accurately estimate
the values of 4™ and B, the parameters m and n are
obtained from the experimental data. Figure 14
shows the relationship between —In 4” and B, and
the model corrected for linear fit is used with
m=0.301 and #n=16.474. The viscosity values
obtained from Egs. (7) and (8) are compared with
the experimental data, as shown in Fig. 15.

40
30
<
g
20+
y=0.301x+16.474
R*=0.98011
10
O 1 1 1 1 1 1

5 10 15 20 25 30 35 40
B

Fig. 14 Relationship between —In 4" and B
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—_

Calculated viscosity/(Pa-s)

1 2 3 4
Measured viscosity/(Pa-s)
Fig. 15 Comparison of viscosities estimated by modified
model with measured values

The viscosity values measured in this
investigation are in great agreement with the
calculated viscosity values, while the estimated
values of the Urbain model and the modified model
by Alex differ greatly from the actual measured
values, as shown in Fig. 15. To examine the
prediction effect, the mean deviation (4) can be
calculated by Eq. (12):

calculated measured

— 13 My Ty

4 :gz measured (12)
N=1 My

where 7y and 7™ are the measured

and calculated values of the viscosity, respectively,
and N is the number of experimental samples.

The average deviation calculated by the
modified new model is small and approximately
15.8%.

5 Conclusions

(1) The viscosity of the SiO,—MgO—-FeO-
based slag decreased with the addition of B,Os.
When the added B,Os content was greater than
3 wt.%, the effect of the addition amount on the
viscosity of the slag decreased.

(2) The break temperatures and apparent
activation energies of slag samples decreased with
increasing B»Os; content. The break temperatures
were 1152, 1130, 1107, 1075 and 1050 °C when
B,O; of 0, 1, 2, 3 and 4 wt% was added,
respectively, and the apparent activation energy of
the slags decreased from 157.90 to 141.84 kJ/mol
when 4 wt.% B>O;3 was added.

(3) The addition of B,Os to the molten slag

destroyed the chain silicate structure and formed
more mobile Si—O—B cyclic structure units, which
results in the decreasing viscosity of slag with the
addition of boron oxide.

(4) The modified Urbain model can be used to
predict the viscosity of SiO,—MgO—-FeO-based
slags with a calculated average deviation of about
15.8%.
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