Evaluation of Existing Viscosity Data and Models
and Developments of New Viscosity Model for Fully

@ CrossMark
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Metallurgical properties of slag are determined to a great extent by its viscosity.
High-temperature viscosity measurements are time-consuming and expensive. It is necessary
to develop an accurate viscosity model for blast furnace slag in the SiO,-Al,05-CaO-MgO
system using reliable viscosity data. This paper describes a systemic evaluation procedure to
determine the viscosity data to be used for model development. 1780 viscosity data from 10 to
65 wt pct SiO», 3.5 to 40 wt pct Al,O3, 2 to 60 wt pct CaO, and 2 to 38 wt pct MgO in the
Si0,-Al,05-Ca0-MgO system have been accepted for model evaluation after critical reviews.
The existing 14 viscosity models in Si0,-Al,05-CaO-MgO system is also reviewed and
evaluated. Based on the structure of alumina-silicate slag and evaluated viscosity data, a new
viscosity model has been proposed for the system SiO,-Al,03;-CaO-MgO. A new term
“probability,” based on the basic oxide and electronegativity, is introduced to calculate the
integral activation energy of slag. The model has been evaluated and compared with existing
viscosity models in three different composition ranges in SiO,-Al,03-CaO-MgO system for
different applications. The new model reports an outstanding agreement between predictions
and experimental data. The industrial implications of the new model have also been discussed in

ironmaking and steelmaking processes.
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I. INTRODUCTION

VISCOSITY is one of the important physicochemical
properties of slags in metallurgical process, which
significantly impact on operation and fuel usage effi-
ciency.'! In ironmaking and steelmaking industry,
Si0,-Al,05-CaO-MgO system is one of the major
systems for blast furnace (BF) slags and steelmaking
slags.> ¥ The approximate composition ranges of typ-
ical BF and ladle slags are shown in Table I. It can be
seen that ladle slags have higher CaO/SiO, and Al,O3
than BF slags.”

In ironmaking and steelmaking process, proper vis-
cosity of slag leads to (a) fluently flowing in tapping
process, (b) efficient desulphurization, (c) controllable
accretion formation on the furnace wall, (d) easy
separation from hot metal and coke (Ironmaking),!"
and (e) well dispersion of inclusion (Steelmaking).l”’
However, high-temperature viscosity measurements are
complex, fallibly techniques, cost- and time-consuming.
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It is necessary to establish a viscosity model to provide
reliable information for process optimization.

Successful development of a viscosity model always
depends on large numbers of reliable data. The quality
and quantity of the data directly influence the viscosity
model performance. Abundant viscosity measurements
in the Si0,-Al,05-CaO-MgO system have been carried
out at wide ranges of compositions and tempera-
tures.°*?! A critical and systematic examination of the
experimental measurements is essential to adopt reliable
data for the development of viscosity model.

The present study aims to establish an accurate
viscosity model in SiO,- Al,053-CaO-MgO quaternary
system. A systemic evaluation procedure to select
valuable viscosity data were firstly performed, followed
by reviewing and evaluating the available viscosity
models in SiO,-Al,03-CaO-MgO system. Using the
accepted data above, a new viscosity model is proposed
for Si0,-A1,03-CaO-MgO system and the performance
of this model is compared with other existing models.

II. REVIEW OF EXPERIMENTAL VISCOSITY
DATA

3135 viscosity data in the SiO,-Al,053-CaO-MgO
system have been critically reviewed from 37 publica-
tions.l*?l The measurements have covered composi-
tions of 10 to 67 wt pct SiO,, 1 to 40 wt pct Al,O3, 1 to
60 wt pct CaO, 1 to 38 wt pct MgO, and temperatures
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Table I. Typical Composition of BF Slag and Ladle

Slag!">!
Composition (Wt Pct) BF Slag Ladle Slag
SiO, 30 to 40 10 to 25
ALO; 10 to 15 20 to 30
CaO 35 to 45 40 to 50
MgO 5to 10 S5to 10
Basicity (CaO/SiO,) 1.1to1.3 2to3

between 1623 K and 1823 K (1350 °C to 1550 °C).
Measurement of slag viscosity at high temperatures is
difficult and has potential for large uncertainties in the
results. Hence, three sequential steps are used to
evaluate the experimental data:

e Review experimental techniques.
e Check data self-consistency.
e Cross-reference comparison.

A. Experimental Techniques in Viscosity Measurements

The improper selection and setting of viscometer will
increase measurement uncertainty. Three types of vis-
cometer have been used: rotational viscometer (28
publications),!®**! oscillation plate viscometer (7 publi-
cations),** % and falling-ball viscometer (2 publica-
tions).*'*? It is widely accepted that the rotational
viscometer is a more reliable viscosity measurement
technique compared to others.*¥ Still, few researchers
reported detailed setting parameters: spindle weight,
distances between the spindle and crucible, and thermal
expansion that have studied and reported as uncertainty
factor by the present authors.!® The oscillating plate
viscometer suits better for low viscosity within the range
of 107> to 1072 Pa s, such as pure liquid metal sys-
tem."*¥ For falling-ball viscometer, it has been found
that the thermal expansion of the sensor (ball) signifi-
cantly increases viscosity measurement uncertainty,
ranges from 1 to 100 Pa s, which depends on temper-
ature and falling-ball material.*! The viscosities mea-
sured by falling-ball viscometer were rejected because of
large uncertainty. The measurements by oscillating plate
and rotational viscometer are reviewed as follows.

Mill er al®' reported that improper selection of
container/sensor materials can cause significant uncer-
tainty (>50 pct) in viscosity measurement. At high
temperatures, the aggressive molten slags may react
with the container and sensor materials leading to
changes in slag composition or container/sensor geom-
etry. Pt, Pt/Rh alloy, Fe, Mo, and graphite are
major materials used for containers and sensors in the
reviewed studies.®** Most of researchers used
Ar,[67:10.11.16-18.20°22.25-27.29-31.331 1y, 1 o COB! gas to
prevent potential oxidation of crucible/spindle. Bockris
et al*® reported that graphite material may reduce SiO,
and form SiC at high temperature, which will change
slag composition and contribute to experimental uncer-
tainties. The reaction initiated above 1793 K (1520 °C),
which was estimated by FactSage 6.2.”! The viscosity
data from graphite container/sensor were carefully
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reviewed, and high-temperature data were found not
reliable and rejected (>1793 K) (1520 °C). When Mo
was used for spindle and crucible, it could be oxidized if
the system was not sealed properly. The resulted MoOj3
would dissolve into the slag and affect the viscosity. For
most of the experiments, the conditions were not
reported in details and possible oxidation of Mo was
not considered. This criterion is not used in the present
study. Pt sensor/container were used in air for viscosity
measurements.*$3 73741 Degpite the chemical reactions,
the geometry of container/sensor can be physically
changed at high temperatures due to thermal expansion
and softening. The hardness of metal keeps reducing
when temperature approaches the melting point. The
melting temperatures of pure Fe and Pt are 1811 K and
2031 K (1538 °C and 1798 °C), respectively. Therefore,
the viscosity measurements taken under improper con-
tainer/sensor materials and temperature are not reliable
and will not be accepted for model evaluation.

In 37 publications, three publications!'®***) reported
nonequilibrium viscosity measurements, in which the
viscosity data were recorded during continuous-cooling
process. The viscosity and internal structure of the
molten slag do not correspond to the recorded temper-
ature if the time is not enough for equilibrium. For the
same slag, the viscosity measured on continuous-cooling
is shown to be lower than the viscosity measured at
steady condition at the same temperature.*®! Therefore,
nonequilibrium viscosity measurements are not accepted
in the database for viscosity model.

Slag compositions, presence of solid, and container/
sensor geometry changes can be examined by postex-
perimental technology. However, none of the slag
samples was quenched after viscosity measurements in
36 publications,” *? except the measurements by pre-
sent authors.’”! The EDS, XRF, and ICP analyses were
often used to determine slag composition. The tech-
niques of postexperimental analysis are summarized in
Table II.

In summary, from 37 publications, the reported
methodology is not sufficient to filter out the reliable
viscosity data. Therefore, self- and cross-consistency of
viscosity data should be checked.

B. Data Consistency

Liquidus temperature of the slag is an important
indicator to discover inappropriate measurements of the
viscosity. The phase diagrams of the system SiO,-
ALO;-CaO-MgO™! have been reported and they are
used together with FactSage 6.21*7! to predict the
liquidus temperature of slag. The viscosity of bulk slag
with solid precipitations is much higher than that in
fully liquid condition. For example, it can be seen from
Figure 1 that the viscosities measured at lower temper-
atures of two sets data are much higher than the rest of
data in the same set at high temperatures. As indicated
in the figure, these high viscosities were measured at the
temperatures below their liquidus. The last point in each
set is rejected due to the presence of solid phase.

It is well known that slag viscosity and temperature

follows the Arrhenius-type equation*:
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Fig. 1—Examples showing viscosity measured by Machin er al.B”

and Tang er al.®'"! below liquidus predicted by FactSage 6.2.147)
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Fig. 2—Linearity of three examples by Muratov and Kulikov,**!
Machin et al.P*1 and Yakushev er al.*°

E
lnn_lnA+T, 1]
where 7 is viscosity in Pas, 4 is the pre-exponential
factor, E is the activation energy in J/mol, and T is the
absolute temperature in K.

According to Eq. [1], the natural logarithm of viscos-
ity has a linear correlation to reciprocal of absolute
temperature. Figure 2 shows examples of viscosity
measurements with high and low consistencies. The
data from Machin ez al.®” show a good linear relation-
ship. In comparison, the data from Muratov and
Kulikov®* and Yakushev er al.*” have a low reliability
and they are excluded from the database. In Yakushev
et al’s data,*”! three data points at high temperatures
increased dramatically indicating the viscosities were
measured below liquidus. Due to insufficient informa-
tion of postexperiment analysis from published papers,
the reasons for other nonlinear results are not clear.
Data linearity is a good indication to evaluate the
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Fig. 3—Four sets viscosity measurement at 45 wt pct SiO,, 15 wt pct
ALO;, 30 wt pct CaO, and 10 wt pct MgO by Gultyai,”) Han
et al. "V Kita et al.,m] and Machin et al.F%

measurements reliability in the absence of enough
experimental conditions.

C. Cross-Reference Comparison

The viscosities measured from different researchers at
close compositions were carefully compared to cross
check the reliability of the data. As shown in Flgure 3,
there were four sets of viscosity measurements''-* 37
in the same composition and three sets of data®!'*" are
close. Data from Kita er al®¥ are excluded from the
database as they are significantly different from others.

In case the available viscosity data are not consistent
and the information reported is not enough for the
evaluation, the viscosities at this composition were
measured by the present authors using a recently
developed technique at the University of Queensland.
Figure 4 is an example where it can be seen that the
results of Park et al. 26 are conﬁrmed by the authors’
measurements and Kim er al.’s!"®! data are not accepted
The methodology was described in details in a prev1ous
publication.[) The main feature of this technique is the
possibility of quenching the slag sample immediately
after the viscosity measurement. Electron probe X-ray
microanalysis (EPMA) with wave spectrometers was
used for microstructural and elemental analyses of the
quenched samples. In addition, the possible errors
associated with the high-temperature viscosity measure-
ments have been analyzed and significantly minimized,
which include effects of bob weight, distances to
crucible, and thermal ex]panswn during rotational vis-
cometer measurements.|

The experimental conditions on high-temperature
viscosity measurements have been cr1t1cally reviewed
and summarized from 37 publications.!® *?! As shown in
Table II, the data measured in graphlte cruc1ble such as
Gualityi® and Gupta and Seshadri,''” were mostlgf
rejected. The data of three authors, Kim and Seo,!
Sheludyakov et al.,B® and Tsybulmkov et al® were
fully rejected because measurements were carried out at
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Fig. 4—Comparison of viscosity data by the present authors,!” Kim
et al.' and Park et al.*®

nonequlllbrlum condition. The v1scosr[y data of Kato
and Minowa!*" and Taniguchi** were also fully re]ected
because of large uncertainty at the falling-ball viscos-
meter. Around one-third of Machin er al. *s?° 7 data
were rejected, due to most of measuring temperatures
were below liquidus temperatures of the slags. In
summary, 1780 viscosity measurements from 10 to
65 wt pct SiO», 3.5 to 40 wt pct Al,Os, 2 to 60 wt pct
CaOQ, and 2 to 38 wt pct MgO were accepted and utilized
for wviscosity model development in SiO,-Al,Os-
Ca0O-MgO system.

III. REVIEW OF VISCOSITY MODELS
RELEVANT TO BF SLAGS

Abundant viscosity models related to SiO,-Al,O5-
CaO- MgO slags have been proposed in last dec-
ades!?*>1%4 that correlate slag viscosity as a function
of temperature and bulk composition. The parameters
of mathematical equations were calculated from the
physical properties of slag, for example, optical basicit 2/
and viscosity. In the present study, 14 existing”'®
viscosity models relevant to SiO,-Al,03-CaO-MgO
system are reviewed and evaluated using the accepted
viscosity database from previous section.

A. Features of the Existing Viscosity Model

It is widely accepted that molten slag viscosity is
determined by its 1nternal structure. In SiO,-Al,O5-
CaO-MgO system, (SiO4)*~ tetrahedral forms the sldg
network, hence increases viscosity. Mg®>* and Ca®"
perform as network modifiers to reduce the slag
viscosity. A" can form (AlO,)°~ tetrahedral struc-
ture smnlar to (SiO4)* (network former). However,
(AlO4)°~ requires Mg and Ca cations to balance the
electrical chdr%e If amount of Ca and Mg cations are
insufficient, Al° " behaves as network modifier (same as
Mg®* and Ca2+). 3]

The reviewed models can be categorized based on
model structure, parameters, and consideration of the
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silicate structures. In different stages of the model
developments, the understanding of alumina-silicate
structure was different:

(I)  Al,O3 as an amorphous oxide was not considered
in the model development, such as Gan and
Lai’s®®! model.

(I) Al,O3 was considered as network former and
introduced into the viscosity model. This includes
the models of Urbain,°" Riboud er al.,"? Iida
et al [5 31 Mill and Srldhar (>4 Shankar 53] Ray and
Pal.l’® Hu er al P! Tang et al.l L1 et al.,*"
Suzuki and Jak, (601 and FactSage.[°

(IIT) If basic oxides, e.g., CaO and MgO are insufficient,
the excess Al,O5; will behave as basic oxides. This
was c[gi]lsidered by the models of Shul®*! and Zhang
et al.

Researches established the viscosity models through
different mathematical equations. The most popular
equation was Arrhenius-type equation, which was uti-
lized by Li et al.,”® Urbain,”"! Riboud er al..,"* Mill and
Sridhar,** Shankar 153 Ray and Pal,P” Hu et al.””
FactSage,'*"%* Shu, [63) and Zhang et al.l°

n=Ax T x et 2]

where # is viscosity in Pa s, T is temperature in K, Ex
is the slag activation energy in J/mol, 4 is pre-expo-
nential factor, R is gas constant [8.314 J/(mol K)], X
can be 0, 0.5, and 1 from different researchers.
Vogel-Fulcher-Tammann (VFT) as a classic equation
for glass- formmg liquid (Eq. [3]) was firstly proposed by

Gan et alP® to predict slag viscosity of molten slag of
Si0,-Al1,05-CaO-MgO system:
B
1 A 3
ogln) = A4+ —7, 3]

where 7 is viscosity in Pa s, T is temperature in K, and
A, B, C are model parameters.

Ilda et al®¥ and Tang er al”! proposed their own
equations for viscosity prediction, which are shown in
Eqgs. [4] and [5], respectively.

’1:A><’70><—» [4]

B;
where 7 is viscosity in Pa s, 4 and E are model param-
eters, 7o is the viscosity of nonnetwork forming melts,
and B; is slag basicity determined using lida equa-
tion.[>?!

B3 150450 1
375+ (NBO) 3754 (NBO) © T
[5]

where # is viscosity in Pa s, T is temperature in K, and
NBO/T is defined as the ratio of nonbridging oxygen
to total silicate ion.

Researchers proposed different mathematical formu-
las to correlate the slag structures with compositions.
Urbain®! firstly used weight ratio of (Wc.o0+
Wmeo)/ Wano, to describe the basicity of slag and

log(n) = —8.4 —
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0.7 predict viscosity. Riboud er al.’* revised Urbain’s work
—0O— Present to predict the mold slag, which includes the CaO-
0.6 | '\ —®— Suzuki and Jak [60] Si0,-A1,05-MgO system. Mills and Sridhart®* proposed
. . _._g{lzfllgne[f;l] [64] viscosity models using optical basicity to describe the
L \ \ —%— Factsage [61-62] viscosity tendency with slag composition. Based on
2 ’\’ . Mill’s model, Shankar,®™ Ray ez al.,"% and Hu e al.P”
¢ o .\ \ revised the model structures and parameters to improve
Z 04 \ \. " the precision and accuracy on BF slags containing
2 D\ \ minor elements. Suzuki and Jak!®”! decently investigated
~ 03t *\* = ‘\‘ the impact of minor units within silicate structure to
\n ° activation energy, which included over 100 equations
02 F \*\D and parameters for quaternary system. In addition, the
* core factor “bond fraction” of Suzuki’s model®” can
, , ., . . only be calculated by FactSage Software. FactSage
0.1 . . [61,62] « o
1740 1760 1780 1800 1820 1840 1860 viscosity model uses ““Q-Species” from FactSage
Temperature (K) thermodynamic database to calculate the viscosity.
(a) Shul®¥ and Zhang et al 1% established viscosity models
06 with consideration of three type’s oxygen O, O™, and
' O*". However, the calculation of oxygen concentration
0 Prosent is lack of theory support and relies on assumption.!®3¢4
. —m— Suzuki and Jak [60] y support ¢ . . p ’
05 F —&— Urbain [51] The features of the existing viscosity models are sum-
\ —e— Zhang et al. [64] marized in Table III.
—~ r - —%— Factsage [61-62]
K; 0 4 -
ez{ ’\ \ B. Model Performance Evaluation
=1 r L]
g .\’\ \ 14 structural models were reviewed and evaluated in
203F o ° * " the present study using the accepted viscosity database
- — \:\: Equation [6] is used to calculate ifference between the
o2 L \*\i\ T measured and the calculated viscosity values. The
\E\D evaluation results have been summarized in Table III.
T
01 1 1 1 1 1
1740 1760 1780 1800 1820 1840 1860
Temperature (K) -5
(b)
Fig. 5—Comparison of Urbain,®'! Suzuki and Jak,["! FactSage["l"(’z] 0k '
and Zhang et al'** model predictions and experimental data (a) 35.6 -
wt pct SiO,, 15 wt pct AlL,O3, 46.3 wt pct CaO, and 3 wt pct MgO __ A
(b) 33.1 wt pct SiO,, 15 wt pct Al,O3, 42.9 wt pct CaO, and 9 wt pct - gz(:%?9480'4144 4.1485
MgO. %: a5k
Sio, S' S'.l i
> 1 2+ -
| | car | * 1ot 0'/' N 20 } -'»....,,
ENINESFU
AlO, | | h
Rerlnoved 5 [/ Sll \O_Ca2+/A|1-\] 25 h . 1|0 . 210 . 310 . 4|0 . -
Sit
| E,(J/mol)
Fig. 6—Interaction among Ca*" cations, (SiO,)*", and (Al0,)°". Fig. 7—The linear relationship between E,4 and In(A).
Table IV. Viscosities Measured by the Present Authors
Compositions (Weight Percent) Viscosities (Pa s)
Experiment 1748 K 1773 K 1798 K 1823 K 1848 K
Number Si0,  ALO; CaO MgO (1475 °C) (1500 °C) (1525 °C) (1550 °C) (1575 °C)
1 35.6 15 46.4 3 0.34 0.29 0.25 0.21
33 15 42.9 9 0.25 0.21 0.19 0.16
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Fig. 8—(a) Viscosity measurements in SiO,-CaO-MgO system with
40 and 50 mol pct SiO, at 1773 K (1500 °C) from Licko and
Danek!’?; (b) Si0,-CaO and SiO,-MgO system at 2123 K (1850 °C)
from Bockris er al.®!

1 ’rlexp - nCalc’
A=-x —_ 6
n Z nexp [ ]

where A is the average deviation, 7,,, is the experimen-
tal viscosity, 1, 1s the calculated viscosity, and n is
the number of data.

It can be seen that the relative error ranges are
between 28 and 70 pct in full composition range. The
models of Urbain®" and Zhang er al'®¥ reported the
lowest relative errors 30.2 and 28.5 pct, respectively.

Four viscosity models with relative good perfor-
mances are selected for further comparison with the
experimental data. As shown in Table IV, viscosities of
two synthetic BF slags were measured by the present
authors to evaluate the viscosity models.[® It can be seen
from Figures 5(a) and (b) that, in general, the four
models can reasonably reproduce the measurements.
FactSage!®'*®? tends to underestimate the viscosities and
other three models®! "% overestimate the viscosities.
Zhang er al’s model® has the best performance
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reporting 15 pct deviations to the experimental data of
these compositions.

IV. CONSTRUCTION OF NEW VISCOSITY
MODEL

A. Silicate Structure

The viscosity of molten slag closely related to its
structure, which is dependent on composition and
temperature. It is widely accepted that basic oxides tend
to break Si-O-Si bond in silicate network and forms
Si-O~ intermediate (also known as nonbridging oxy-
gen). Also, amphoteric oxide Al;O3 can form (AlOy4)’~
unit to connect with (SiO4)*~ network, which require
cations (Ca’" or Mg®") charge compensation. As
shown in Figure 6, the major role of Ca®*/Mg>" is to
break the (SiO4)*" network and compensate the
(AlO4)°~ charges. This intermediate Ca(Mg)-SiOy struc-
ture unit has one free positive charge, which is able to
break another SiO4 or compensate the AlO,4 charges.

Al,O3 can behave as either acidic oxide or basic oxide
depending on the concentrations of basic oxides. If
sufficient Ca®" and Mg> " cations are present to balance
the (AlO4)°~ charges, Al,O; acts as an acidic oxide
which is incorporated into the silicate network in
tetrahedron coordination. In the case of insufficient
basic oxides, A>T will behave the same as Ca’" or
Mg>" to break the (SiO4) network.!””!

In the present SiO,-Al,03-CaO-MgO system, due to
electrical force between charges, it is presumed that
when Ca’"/Mg?>" concentration is low, they have
higher priority to balance the (AlO,)°~ charges than
breaking the Si-O covalent bonds.>”

B. Temperature Dependence

The temperature dependence of viscosity can be
described by the Arrhenius-type equation (Eq. [7]).1*”!

1000 x EA>

=A4xe 7
= xexp( 1) 7
where 5 is the viscosity in Pa s, T is the absolute tem-
perature in K, A is the pre-exponential factor, £, rep-

resents the integral activation energy in J/mol.

C. Pre-exponential Factor A

As shown in Eq. [8], a linear relationship between
pre-exponent factor 4 and activation energy E, was
proposed by Urbain.’"! The activation energy E, and
pre-exponential factor A can be determined by plotting
In(n) against 1/7T under the same composition.

Ind=-mxE4—n. 8]

This linear correlation has been widely applied in
different viscosity models, such as the Shankar’s’®> and
Hu er al’s models.”” In the present study, from
accepted viscosity data, the linear correlation is con-
firmed as shown in Figure 7. In(4) and E, have a linear
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relationship with R*> = 0.948, which will be used in
construction of the present viscosity model. m and n
values in Eq. [8] are 0.4144 and 4.1485, respectively.

D. Network Modifier Probability

With the study of silicate-based mineralogy,
Ramberg!’! suggests that the silicate structure (polymer-
ized level of SiO,4 network) is dependent on basic oxide
concentrations, atomic radius, and electronegativity.
Review of the viscosity measurements in SiO,-CaO-MgO
ternary system by Licko and Danek!”” shows that the
replacement of CaO by MgO will reduce the slag viscosity.
As shown in Figure 8(a), at 1773 K (1500 °C), the
increasing Mc,o/Mmg0o ratio cause viscosity reduction
at both 40 and 50 mol pct SiO, conditions. The viscosity
measurements by Bockris er al*® in Si0,-CaO and
SiO,-MgO binary systems support this conclusion as
shown in Figure 8(b). At 2123 K (1850 °C), at the same
basic oxide concentration, the viscosity of SiO,-CaO
system is larger than SiO,-MgO system. Through contin-
uously basic oxide additions, the viscosity differences
between SiO,-CaO and SiO,-MgO system decreases. In
the existing viscosity models of SiO,-Al,03-CaO-MgO
system, few researchers discussed the distribution of
cations (Ca*" or Mg>") in SiO, and AlO, network
structure except for Zhang’s model.[*¥

In the present study, “probability (P}” is introduced
to describe the fraction of cations (Ca”>" or Mg>") to
break the Si-O network and the rest (1 — P) will be used
for charge compensation of (AlO4)°~ tetrahedral units.
It is related to the electronegativity of Ca®*, Mg”*,
(Si0O4)*", and (Al104)°~ and their molar fractions. At low
concentration of CaO/MgO, there is a high probability
to compensate the (AlO,)°~ charges. When the concen-
tration of CaO/MgO increases, the probability of
breaking Si-O will raise.

b4 1w Mo+
PCa = M L ﬂCa M [9]
Lsiont X Msion= T Za0,)5 X M a0,
2+M 2+
Pyig = Pt P g , [10]

Lsion X Msio= T Za0n™ X Miai0,)-

Table V. Electronegativity y of Basic Oxide Cations and
Network Former Units

Ca?™" Mg " (AlOy) (Si0y)
X 3.07 3.82 6.674 6.985

where M is molar fraction of metal oxide; y is elec-
tronegativity of structure units in slag system.

The electronegativity y of Ca®>*, Mg?>*, AlO,, and
SiO4 units are determined using Revised—Mulliken
Electronegativity,”* which is derived from first ioniza-
tion energy and electron affinity of the atom. The values
of electronegativity are shown in Table V.

I+ E

=
where 7 is the ionization energy (kJ/mol) and E is elec-
tron affinity (kJ/mol).

[11]

E. Activation Energy E 4

In the present study, Ea is defined as the integral
activation energy of silicate slag, which is composed of
four metal oxides and can be expressed as

E4 = Ecao + Emeo + EaLo, + Esio,, [12]

where FE; is activation energy of 1 component
(i = SiO,, Al,O3, CaO and MgO), which is calculated
using Egs. [13] through [16].

Ecio = E{éd + Esio,—Ca—sios X cha + Esio,—Ca—AlO,
X Pca X (1 — PCa) [13]

Evgo = E?v[g + Esio,—Mg-sio, X Pi/[g + Esio,—Mg-AlO,
X PMg X (1 — PMg) [14]

3
Eal = E} + Eai_ssio, X [1 = (1 = Pca) x (1 = Py,) ]
+ EAl0,—Ca-Al0, X (1 — PCa)2+EA1047Mg7AIO4
2
X (1 — PMg) [15]

Esio, = Esio, - [16]

In Si0,-Al1,05-CaO-MgO system, as a network mod-
ifier, three structure units are relevant to CaO including
free oxygen 0?7, Si04-Ca-Si0,, and SiO4-Ca-AlO,. As
defined before, Pc, represents the probability of one
Ca’" cation connecting with one SiOy tetrahedron, and
(1 — Pc,) is the probability to compensate the (AlOy4)~
charges. Therefore, the probabilities of SiO4-Ca-SiOy4
and SiO4-Ca-AlO, can be calculated by P%;a and
Pc, x (1 — Pg,), respectively. As Eq. [13] shows, the

Table VI. Activation Energy Parameters of All Involved Structural Units in SiO,-Al,03-CaO-MgO System

Basic Oxide Acidic Oxide
Ca-O -0.314 Mg-O -0.24 Si 7.21 Al-O -0.24
Si-Ca-Si —7.386 Si-Mg-Si -9.092 3Al-Si —0.53
Si-Ca-Al —0.711 Si-Mg-Al —0.511 Al-Ca-Al 23.78
Al-Mg-Al 15.83
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Fig. 9—The performance summary of viscosity models in three dif-
ferent composition ranges.
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Fig. 10—Comparison of experimental viscosity and calculated
viscosity between present model, Zhang’s model® and Urbain’s
model P

integral activation energy of CaO is calculated by sum of
energy contributions of each structural unit multiplied
by its probability. The EX, is the constant representing
0% from CaO. Similarly, the calculation of MgO
integral energy is expressed in Eq. [14].

As an amphoteric oxide, Al,O; shows both negative
and positive impacts on activation energy. There are
four possible structure units for aluminum cations:
network modifier unit (O?7), 3(Si0y4)-Al, and network
former unit (AlO4-Ca-AlO4 and AlO4-Mg-AlOy). The
charge balanced AlO4-Ca/Mg structure units give a
positive contribution to the integral activation energy.
The (1 — Pc,) and (1 — Pc,) are used to describe the
probability of Ca®*/Mg®>" participating on alumina
network. One Ca®*/Mg”" cation is able to balance two
(AlO,)°~ structure units, and therefore, the probabilities
of AlO4-Ca-AlO,4 and AlO4-Mg-AlQ, are calculated by

2870—VOLUME 47B, OCTOBER 2016

(1 — Pc,)? and (1 — PMg)z. 3(BSiO4)-A1 represents the
network breaking effect of AI’" cation and shows a
negative contribution to activation energy. The A’ ",
which is not charge compensated, can be described as
(1 = (1 = Pcy) x (I — Ppg)). One AT can compen-
sate three (SiO4)*~ units. Therefore, the probability of
AP*' connecting with 3 (SiO4)*” can be written as
(1 — (1 = Pcy) x (1 — Pyp))’. The E‘% is a constant
activation energy representing free O°~ from AlLOs.
However, due to charge compensation, most of 0>~
contributes into (AlO4)°~ network, which reflects small
activation energy in Table VI. Therefore, the calculation
of Al,Oj3 integral energy is expressed in Eq. [15].

Silica is assumed to be fully polymerized and only
exists one structure unit (SiO4)*". It is considered to be
the base structure unit of silicate and the parameter for
Esio, is a constant as shown in Table VI. The calcula-
tion of SiO, integral energy is expressed in Eq. [16].

The overall activation energy of all structure units is
optimized from collected viscosity data in the SiO,-
AlLO3-CaO-MgO system. From the parameters in
Table VI, the major structural unit in network breaking
is Si-Ca(Mg)-Si. The free O*~ and Si-Ca(Mg)-Al have
less significant impacts on the activation energy. In
addition, CaO has higher priority to compensate the
AlOy4 charges and lower priority for SiO4 charges, which
is demonstrated by the optimized parameters.

F. Performances of the New Model

The performance of the current model is evaluated by
comparison with other models using the viscosity data
in the Si0,-Al,05-CaO-MgO system. The mean devia-
tion A is calculated using Eq. [6].

1. Si0,-Al,03-CaO-MgO system

The evaluations of the model performances were
carried out with respect to the following data: (i) all
viscosity data in the SiO,-Al,0;-CaO-MgO system; (ii)
slag composition in the blast furnace : 30 to 40 wt pct
Si0,, 10 to 20 wt pct Al,O3, 30 to 45 wt pct CaO, and 5
to 10 wt pct MgO; and (iii) slag composition in the
ladle: 10 to 25 wt pct SiO,, 20 to 30 wt pct Al,O3, 40 to
50 wt Pct CaO, and 5 to 10 wt pct MgO.

The results for model comparison are shown in
Figure 9. It can be seen that the present model performs
very well in all composition ranges, with the mean
deviation 21.4 pct in the full composition, 12.5 pct in the
BF slag composition, and 15.5 pct in the ladle slag
composition range.

A detailed comparison is conducted using three most
accurate models: present model, Zhang’s model,'®* and
Urbain’s model®" at the viscosity range of 0 to 5 Pa s. It
can be seen from Figure 10, the present model has
overall superior performance than both Zhang’s!®¥ and
Urbain’s®!" models. The mean deviation is 12.5, 19.4,
and 19.3 pct for the present model, Zhang’s model, and
Urbain’s model, respectively. At high value ranges
(>2 Pa s), the present model prediction distributed on
both sides of the experiment viscosity. In contrast, the
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Fig. 11—Comparisons between model E)redictions and experimental
results from Gultyail® and Hofmann"? at 1773 K (1500 °C) in the
Si0,-Al,03-CaO-MgO system.
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Fig. 12—The linear relationship between E, and In(4) for SiO,-
Al,03-CaO and SiO,-Al,03-MgO systems.

Urbain’s and Zhang’s models tend to underestimate
the experimental data. Furthermore, the temperature
dependence of present model was evaluated and com-
pared with Zhang’s model.® As shown in Figure 11, at
two different temperature ranges [1698 K to 1823 K
(1425 °C to 1600 °C) and 1923 K to 1993 K (1650 °C to
1720 °C)], the present model shows a good agreement
with the experimental data.l”'” Zhang’s model® well
reproduces the experimental data at high temperature
ranges with viscosity values lower than 1 Pas, but
shows lower predictions comparing with the data from
Gupta and Seshardri.'”!

2. Predictions of viscosity trend

The impacts of CaO and MgO on viscosity are
investigated using model prediction and experimental
data. At fixed SiO,, Al,O3; and temperature [1773 K

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 13—The linear relationship between E, and In(4) for SiO,-
Al,03-CaO from Hofmann,[lz] Bills,m] Johannsen and Brunion,'
Machin et al.,[35’37] Urbain et al.” Yasukouchi et al.,"' Tunezo
and Kawai”® Zhang and Chou,™ Toplis and Din%well[gol and
Si0,-ALO5;-MgO systems from Johannsen and Brunion,' Lyutikov
and Tsylev,”® Toplis and Dingwell.*!

(1500 °C)], as shown in Figure 12, the replacement of
MgO by CaO content was evaluated under two compo-
sitions: (1) high acidic oxide (44 wt pct SiO», 15 wt pct
Al,O3) and (2) low acidic oxide (33 wt pct SiO, and
5wt pct Al,O3). In both conditions, through CaO
replacement, the slag viscosities decrease and decrement
slope continuously reduced. Because of charge compen-
sation impact of SiO4 and AlO,4 units, the viscosity
decrement is more sensitive at low acidic oxide concen-
trations. The model predictions agree well with exper-
imental data by Gultyai”” and Hofmann.!'?

3. Subternary and subbinary systems

The present model can also be used to predict the
low-order silicate systems containing CaO, MgO, and
Al,Os. As shown in Figure 13, the linear relationship
between activation energy E, and pre-exponential
factor B can also be applied for lower-order systems
with different m and n values in Eq. [8]. For each binary
or ternary system, the individual m and n values were
used to minimize the prediction deviation. The values of
m, n, and prediction deviation for each system are
summarized in Table VII.

The experimental viscosity data for the systems of
Si0,-A1,05-Ca0, Si0,-Al,05-MgO, SiO,-CaO, SiO,-
MgO, and SiO,-Al,O; are evaluated with calculated
values by the present model. The error deviations of
different systems are shown in Table VII which shows
the predicted viscosities by the present model reasonably
agree with reported data. Higher error deviations are
reported in two ternary systems indicating that current
model needs to be improved to better describe ampho-
teric behavior of Al,O3 in extreme conditions (very high
Al,O3 concentration). Note that all available viscosity
data in the ternary and binary systems have been used.
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Table VII. The Summary of Model Parameters in Binary and Ternary Silicate System Containing CaO, MgO, and Al,O3
Error Deviation
m n (Percent) Database
Si0,-A1,0;5-CaO 0.5953 2.668 28.9 Hofmann,"'? Bills,””* Johannsen and
Brunion,'"* Machin ez al.,”*>7 Urbain et al.””
Yasukouchi ez al.l’”!
Tunezo and Kawail’®
Zhang and Chou™
Toplis and Dingwell®”
Si0,-Al,05-MgO 0.3831 1.442 28.6 Johannsen and Brunion,"'¥ Lyutikov and Tsylev!’®
Toplis and Dingwell[sm
Si0,-Ca0 0.5741 2311 20.1 Bockris et al.,*! Urbain et all”
Yasukouchi et al.l’”
Tunezo and Kawail’®
Si0,-MgO 0.4468 1.532 15.4 Bockris et al.,*® Hofmann,['® Urbain er al.l”!
Si0,-AL0; 0.5359 2.371 12.9 Bockris et al.,*! Urbain et all”
Yasukouchi et al.l’”
0.6
5 Wt pet MgO 10 wt pet MgO V. INDUSTRIAL IMPLICATIONS
. Gultyai [9] ° )
05k . e Machin and Hanna [35] A A A. Blast Furnace Slags for Ironmaking process
~ im et al. [1
s, A £ = = Examples of the industrial applications using the
2 ol AN . developed viscosity model are demonstrated in this
S section. Figure 8 shows effect of (Wc.o/Wsio,) on
g viscosity of blast furnace slag at 15 wt pct Al,O3 and
S o3k A various MgO concentrations at 1773 K (1500°C). It can
> "t SwtpetMgO be seen that predictions agree well with the data of Kim
~ ~ 7wt pot MgO et al '® Gultyai,” and Machin and Hanna®?. At a
02 - given Al,O3 and MgO concentration, the addition of
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Fig. 14—Effects of Wcao/Wsio, and MgO on slag viscosities at
1773 K (1500 °C) with fixed 15 wt pct Al,O3 calculated by present
model in comparisons with the data from Kim et al.'® Gultyai,"”!
and Machin and Hanna B
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Fig. 15—The model prediction of isoviscosity diagram at 1773 K
(1500 °C) with fixed 15 wt pct Al,Os.
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Wsio,. MgO is usually added in the BF operation as
flux. Reduction of MgO can decrease the direct cost in
material and also fuel consumptions. It can be seen from
Figure 14 that reduced MgO will increase the slag
viscosity. To keep the slag viscosity at a low-level,
Wecao/ Wsio, needs to be increased. However, liquidus
temperature has to be controlled to avoid formation of
solid phase at operating temperature.

The present viscosity model can only predict viscosi-
ties for single liquid phase. It is essential to make sure
the slag is liquid before the viscosity is calculated by the
viscosity model. It is therefore necessary to present
isoviscosity lines on the phase diagram. As an example,
the isoviscosity lines are calculated using the present
viscosity model for blast furnace slags at 1773 K
(1500 °C) and 15 wt pct Al,O5. In Figure 15, all vis-
cosities are presented within the fully liquid region. It
can be seen from the figure that clearly, the viscosity is
mainly dependent of SiO, concentration. The isoviscos-
ity lines are almost parallel to the CaO-MgO axis, which
has bias down to the MgO direction. It is indicated that
the replacement of CaO by MgO will slightly decrease
the slag viscosity at fixed SiO, concentration. This
behavior is consistent with the fact that the viscosity
parameters of Ey, is higher than Ec, as network
modifier, which also matches the conclusion from review
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Fig. 16—Effects of Wc,0/Wsio, and temperature on slag viscosities
with fixed 5 wt pct MgO and 30 wt pct Al,O3 by present model in
comparisons with data from Song et al.””

of binary viscosity data of SiO,-CaO and SiO,-MgO
systems.

B. Ladle Slags for Steelmaking Process

In steelmaking process, the desired viscosity of ladle
slag (0.2 to 0.4 Pa s) is lower than BF final slag (0.4 to
0.6 Pa s)."* Figure 16 shows effects of temperature and
slag basicity on viscosity at 30 wt pct Al,O; and
5 wt pct MgO. The present model can well predict Song
et al’s datal®” with average deviation 15 pct. At fixed
Al,O3 and MgO concentrations, the viscosities decrease
significantly with increasing Wcao/Wsio, ratio and the
decrement is more significant at low temperatures. For
example, the viscosity is decreased by approximately
0.13 Pas at 1723 K (1450 °C) when Wcao/Wsio, 1S
increased from 3 to 5.5. At 1823 K (1550 °C), the
decrement of the viscosity is only approximately
0.05 Pa s when Wc,0/Wsio, 1s increased from 3 to 5.5.

VI. CONCLUSIONS

Viscosity data and models in the system SiO,-Al,03-
Ca0O-MgO have been critically reviewed and evaluated.
3135 viscosity data for 607 compositions have been
collected from 37 papers and carefully examined based
on (1) experimental techniques, (2) data consistency, and
(3) cross-reference comparisons. 1780 viscosity measure-
ments from 10 to 65 wt pct SiO,, 3.5 to 40 wt pct Al,O3,
2 to 60 wt pct CaO, and 2 to 38 wt pct MgO compo-
sition have been accepted to the database for viscosity
model evaluation and development. 14 structure-based
viscosity models have been critically reviewed for
their structures, parameters, applicable slag systems,
and prediction performance. By comparing with the
accepted viscosity data, it has been found that the
relative error ranges between 28.5 and 70 pct in full
composition range. All information will be utilized for
further development of the viscosity model to improve
the prediction performance.
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An accurate viscosity model has been developed in the
system SiO,-Al,03-CaO-MgO using a large number of
critically reviewed experimental data. A new term
‘probability’ based on composition and electronegativity
was introduced to describe the distribution of cations
within the acidic oxide. The new model can accurately
predict viscosities for blast furnace slags and steel
refining slags in the system SiO,-Al,0;3-CaO-MgO.
The model developed also has good performance for
the subsystems SiO,-Al,03-CaO, Si0,-Al,O03-MgO,
Si0,-Al,03, Si0,-Ca0, and SiO,-MgO.
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