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Abstract

Refining slags is widely used in the production of high-value-added alloys and special steels. The removal of impurities
depends on the mass transfer between the slag-metal interface, and the carbide capacity of the refining slags is crucial to
control the carbon content in the final products. A phenomenological model is introduced in this article for the calculation
of carbide capacity of different CaO-based ternary refining slags. The contour lines of carbide capacity in CaO-Al,0;-
CaF, Ca0-Si0,-Cal’, CaO-SiO,-MnO systems are calculated based on limited experimental data by the present model.
The experimental data within the calculation boundary are compared with the predicted values and satisfactory agreements
are observed with the mean deviation being 1.4%, 2.3%, and 1.6%, for these three systems respectively. The present model
is powerful and flexible in the calculation of carbide capacity of CaO-based ternary refining slags and can be applied to

other systems.
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1. Introduction

The key to the production of special steels or
superalloys lies in the removal of impurities in the
molten metal [1, 2]. The existence of carbon in steels
causes brittle fractures of steel in extreme conditions,
which need to be removed through the refining process
[3]. Carbon removal by slag refining isn’t the priority in
steelmaking, but can be more important in other alloys,
such as ferrochrome [4, 5] and ferromanganese [6]
alloys. The removal of carbon depends on the mass
transfer between the slag-metal interface when the hot
metal drops cross the slag layer and fall into the molten
pool [7, 8]. As a result, the carbide capacity of the
refining slags is crucial to the control of the carbon
content in the final products. However, most of the
refining slag systems are with high melting points and
can corrode the crucible at high temperatures, so it is
impossible to obtain all these carbide capacity data for
practical use just through experimental methods.

On the contrary, the model prediction is an
alternative which may address this issue in a more
effective way. The geometrical model [9-11] is a
powerful tool to predict the properties of slags and has
been widely used in the calculation of sulfide capacities
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[12-14], phosphate capacities [15], and other
physicochemical properties of slags [15-27].
Traditional geometrical models [9, 11, 28-32] can
predict the properties of ternary systems only when the
binary data are abundant. However, most of the slag
systems are with miscibility gaps at their application
temperature, where the limited solubility area doesn’t
even intersect with the binary boundaries. So, on this
condition, these systems are not suitable to be
calculated by traditional geometrical models for the
lack of corresponding binary data.

Recently, Chou [33-35] has extended the
geometrical model to the systems with limited
solubility area by proposing a new method. The new
method can predict the physicochemical properties of
ternary systems just based on limited experimental
boundary data, which will enlarge the application range
of geometrical models in practical systems. In this
article, our new model will be first applied into the
calculation of carbide capacity of ternary slags for
refining process. The predicted results show good
agreements with the experimental data in CaO-ALO,-
CaF,, Ca0O-SiO,-CaF, CaO-SiO0,-MnO slag systems.
The contour lines of carbide capacity for different
systems are also calculated by the present model.
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2. Model description

According to the new model [33-35], there are
three conditions: limited binary boundary data,
limited ternary boundary data, and even only three
experimental data, which can be used for calculation
of the systems with limited solubility. A short
description of the second condition that calculation
based on limited ternary boundary data will be given
here.

As illustrated in Fig. 1, the gray part is the limited
solubility area, which has no interaction with the binary
boundary. The dash line along the limited solubility
area is the calculation boundary, which is not a real
boundary and can be arbitrarily selected according to
the distribution of the experimental points. The
physicochemical properties can be calculated within
this boundary when choosing three points (“A” “B”
“C”) on this calculation boundary for the calculation,
and the selection rule of the three calculation points (A”
“B” “C”) can just follow Chou’s method [28]. Then, the
properties of point “O” are calculated by a combination
of the three calculation points (“A” “B” “C”) according
to the equations below.

AP, =¥, AP, + 1V, AP, + 1V, AP, M

where AP, is the physicochemical property of point
“i”, and w,,W,, W, is the corresponding weight
probability of different calculation points (A” “B”
“C”). In the present model, the weight probability of
each calculation point can be expressed as the
following equations.

o B o (o
(X0 —x,)

“C”) and point “O” will be more similar, which is
reasonable and consistent with the reality. The
detailed theoretical derivation process can be referred
to our previous article [35].

3. Carbide capacity prediction of various
systems

The measurement of carbide capacity is difficult
due to the high melting points of the refining slags
and the experimental data varies when it is measured
by different researchers, which brings difficulties for
model prediction. Park et al. [36-38] measured the
carbide capacity of different systems and determined
the content of carbon in the slags by a LECO (CS-
300) analyzer. All the carbide capacity data
measured by Park et al. were chosen for the
calculation in the following examples. First, the
outmost layer experimental data were selected as the
calculation boundary (Bi, i>3) and the inner data as
the calculated points (Ci) for the comparison. All the
calculation data of the present model are along the
virtual ternary boundary, and all the calculated
contour lines of carbide capacity are with the same
range of notation to have an intuitive comparison of
different systems.

The relative deviation (R.D.) and mean deviation
(A) were used to compare the inner experimental data
(Ci) with the calculated values, as expressed in the
equation below:

W, = )
\/(xlo 7x]")2 +(x30 7x:)z +(x]0 7xf)(x30 7x;)\/(xf 7xf)z +(x30 7x:)z Jr()c;7 7xf)(x30 7x;)
) —x)(x) = x))
VVB = o BN2 o AN2 0 B o A o B2 o N2 0 B o C (3)
\/()c1 =x) +(xy, —x) +(x) = x ) (x) - x, )\/(x‘ =X )+, —x) () —x (x, —x,)
O =X = x)
VVC = o C\2 o AN2 o C o A o BN2 o N2 o B o C (4)
\/()cZ =x,) +H(x] = X)) +H(x) —x)(x,] —x, )\/(x1 =x ) +H(x) —x,) () —x )(x, —x,)
where x; is the composition of *j, at point “i”, and C. Cd_c By
the weight probabilities of the calculation points are R.D.=—cuide ——cubide—100% ®)
expressed as the component coordinates of each point. Cuvise
In Fig.1, the distance between point “O” and points 1 &
“A” “B” “C” are OA= x? —x{, OB=x" — x”, and OC= :WZ| R.D| (6)
n=1

x)—-x{ . It is easy to find that the weight
probabilities of the calculation points just depend on
their distances from point “O”. The nearer the
calculation point (“A” or “B” or “C”) is to the
calculated point “O”, the larger the weight probability
is. Combined with the equation (1), as a result, the
property between the calculation point (“A” or “B” or

where Cpppe ™ and Cppo.””  are the calculated
(Cal.) carbide capacity and experimental (Exp.)
values, respectively. N is the number of comparison
data.
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3.1 Ca0-AL,0-CaF ,ternary system

Ca0-Al,0,-CaF, slag is the most basic ternary
system for ESR process, and has been widely used in
the production of special steels. Park et al. [36]
measured the carbide capacity of this system in a wide
composition range within the limited solubility area at
1773K. Seventeen experimental data were chosen as
the calculation boundary points, as set out in Table 1.
All these calculation points were located at the
outmost layer of the composition triangle among all
the experimental data and constituted a virtual
calculation boundary (Fig. 2). Combined with the
equations (1-4), the carbide capacity could be
predicted within this calculation boundary. As shown
in Fig. 2, the contour lines of carbide capacity in CaO-
Al O,-CaF, system at 1773K were calculated by the
present model.

The experimental data [36] within the calculation
boundary (C1-C7) were selected to compare with the
calculated values. As illustrated in Fig. 2, the
comparison points (C1-C7) are marked in red and
uniformly distributed inside the calculation boundary.
The detailed comparison results between the
experimental carbide capacity and the calculated
values of each point are listed in Table 2. The relative
deviation (R.D.) ranges from -0.4% to -2.5%, with the

Table 1. Calculation boundary data of carbide capacity
(BI-B17) in CaO-Al,0,-CaF, slag within the
limited solubility region at 1773K by Park [36]

work [10]
Composition (mole fraction)
Points log C__ ..
ALO, CaF, CaO
B1 0 0.695 0.305 -8.27
B2 0.425 0.283 0.292 -9.03
B3 0.426 0.268 0.306 -9.08
B4 0.411 0.193 0.396 -9.02
BS 0.408 0.179 0.413 -9.04
B6 0.407 0.148 0.445 -8.83
B7 0.268 0.011 0.721 -8.89
B8 0.264 0.008 0.728 -8.78
B9 0.223 0.086 0.691 -8.56
B10 0.227 0.096 0.677 -8.67
Bl11 0.201 0.141 0.658 -8.48
B12 0.217 0.14 0.643 -8.49
BI3 0.153 0.24 0.607 -8.28
B14 0.131 0.357 0.512 -8.16
BI5 0.131 0.365 0.504 -8.21
B16 0.046 0.557 0.397 -8.24
B17 0 0.679 0.321 -8.18

mean deviation (A) being 1.4% for seven groups of
data.

Besides, the predicted results along three
component lines of CaO-Al,0,-CaF, ternary system
were chosen to show the influence of different
additions on the carbide capacity of this system. As
depicted in Fig. 3, when the content of CaF, or CaO is
0.3 (30 mol.%), the addition of AlL,O, decreases the
carbide capacity of CaO-AlO,-CaF, ternary system,
especially when the content of CaF, is constant (red
points in Fig. 3). However, the addition of CaF, shows
a slight effect on the carbide capacity of CaO-AlLO,-

Limited
Solubility Calculation
Area £ Boundary

3

o .C
X, =X,

Figure 1. The schematic diagram for calculating liquid
properties based on boundary data of the systems
with limited solubility area

1773K
logC
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Figure 2. The calculated contour lines of carbide capacity
in Ca0-A1,0,-CaF, slag by the present model at

1773K
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Table 2. The relative deviation (R.D.) and mean deviation
(4) between the inner experimental carbide
capacity data (C1-C7) [36] and the calculated
values by the present model

mposition (mol
Points - I}(r)sctti(())n)( B 108 Counie R.D.
ALO, | CaF, | CaO | Exp. | Cal.

Cl ] 0.268 | 0.375 | 0.357 | -8.84 | -8.88 |-0.40%
C2 0.27 | 0.376 | 0.354 | -8.85 | -8.89 |-0.40%
C3 | 0.254 | 0.303 | 0.443 | -8.56 | -8.69 |-1.60%
C4 | 0296 | 027 | 0.434 | -8.67 | -8.83 |-1.80%
C5 ]0.248 | 0.235 | 0.517 | -8.55 | -8.64 |-1.00%
C6 | 0.348 | 0.144 | 0.508 | -8.88 | -9.05 |-1.90%
C7 ]0.263 | 0.138 | 0.599 | -8.61 | -8.83 |-2.50%

A 1.40%

CaF, ternary system when the content of AlLQO, is
constant (black points in Fig. 3). It can be concluded
that, if one wants to increase the carbide capacity of
Ca0-Al0,-CaF, slag system for ESR, the content of
AL O, needs to be reduced.

3.2 Ca0-Si0-CaF,ternary system

Silicate slags are extensively used to control the
removal process of boron from molten silicon, and
Ca0-Si0,-CaF, is a basic silicate slag system in the
refining process of metallurgical-grade silicon [39-
41]. Park et al. [37] also measured the carbide
capacity of this system within the limited solubility
area at 1773K. Because the 20 experimental points
were not evenly distributed, just 6 of them located at
the outmost layer of the composition triangle were
chosen as the calculation boundary points (B1-B6).
The calculation boundary points are listed in Table 1
and constitute the calculation boundary in Fig. 2.
Combined with the above equations (1-4), the contour
lines of carbide capacity in CaO-SiO,-CaF, system at
1773K were predicted, as shown in Fig. 2. The
contour lines are much denser than that of CaO-
Al,0,-CaF, system in Fig. 2, which means the carbide
capacity changes more dramatically in CaO-SiO,-
CaF, system.

The comparison results between the experimental
carbide capacity [37] and the calculated values are
shown in Table 3. As illustrated in Fig.4, all the
comparison points (C1-C14) are within the
calculation boundary, marked in red. Although the
calculation boundary points are very limited, the
predicted results still agree well with the experimental
ones, with the mean deviation (A) being 2.3% for 14
groups of data. This result proves the reliability of the
present model, even under the conditions with very
limited experimental data. It reveals the potential
application value of the present model because the

8.1
82k —=—0.3(A1,0,) - x(CaF))
. . _
831 ®e, — @ 0.3(CaF)) - x(ALO,)
84l \ — A 0.3(Ca0) - X(ALO,)
£-85¢ %
o
% 861 Ao, °
S 87F A "
8.8+
89F N
9.0F ““‘A‘
-9.1 L 1 1 1 1 L
0.10 0.15 020 0.25 030 035 040 0.45

x(CaF,) or x(ALO, )

Figure 3. The predicted carbide capacity along different
component lines of Ca0-AL,O-CaF, slag at
1773K

experimental data of most slag systems are scarce and
scattered.

In addition, the predicted results along three
component lines of CaO-Al,O,-CaF, ternary system
are also illustrated in Fig.5 to show the influence of
different additions on the carbide capacity of this
system. It can be seen from Fig. 5 that the addition of
Si0, decreases the carbide capacity dramatically
when the content of CaF, or CaO is constant (0.3 CaF,
or 0.5Ca0), while the addition of CaF, increases the
carbide capacity of CaO-SiO,-CaF, ternary system
slightly, when the content of SiO, is constant
(0.3Si0,, black points in Fig. 5). Combined with the
results of CaO-Al,0,-CaF, system in Fig.3, it is easy
to find that SiO, and AL,O, show the similar influence
on the carbide capacity of CaO-CaF,-based ternary
system, which can be explained that SiO, is a kind of
acid oxides and Al,O,, which is a kind of amphoteric
oxides, exhibits the characteristics of acidic oxides
with high content CaO. As illustrated in Fig. 5, the
reduction of SiO, results in the increase of carbide
capacity of 0.3CaF,-x(SiO,) and 0.5CaO-x(SiO,)
systems.

3.3 Ca0-Si0,-MnO ternary system

The manganese-rich slag, generated from the high
carbon ferromanganese production process, has the
advantage of low phosphorus content, and CaO-SiO,-
MnO slag is a good alternative to producing
silicomanganese alloys. The carbide capacity of this
system, which was measured by Park et al. [38] at
1773K, is critical to the carbide content of the final
products. We selected 11 of the experimental points as
the calculation boundary (B1-B11 in Table 5), and 8
of them as the comparison points (C1-C8 in Table 6).
All the experimental points are shown in Fig. 6, where
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Table 3. Calculation boundary data of carbide capacity
(B1-B6) in SiO,-CaF',-CaO slag within the limited
solubility region at 1773K by Park [37]

) Composition (mole fraction)
Points " 10g Ccarbide
SiO, CaF, CaO
Bl 0.551 0.361 0.087 -9.49
B2 0.392 0.088 0.521 -9.03
B3 0.218 0.13 0.651 -8.52
B4 0.178 0.136 0.686 -8.51
B35 0.155 0.27 0.575 -8.32
B6 0.174 0.376 0.45 -8.17
-}-f 1773K
(@}
4 % logccarbide
03 82
-8.4
-8.6
-8.8
-9.0
Calculation 9.2
0.1 0.2 03 0.4 0.5 0.6 0.7 |Boundary Y
-9.8

X (Si0,)

Figure 4. The calculated contour lines of carbide capacity
in Ca0-SiO,-CaF, slag by the present model at
1773K

the 11 points of the outmost layer constitute a virtual
boundary, and the 8 comparison points are within this
boundary.

We predicted the contour lines of carbide
capacity in CaO-SiO,-MnO system at 1773K,
according to equations (1-4). As shown in Fig. 6, the
contour lines are not as regular as those of CaO-
Al,0O,-CaF, or CaO-Si0,-CaF, system above, which
means that the carbide capacity changes may not be
linear with the addition of the oxide. Also, the
predicted results along three component lines of
Ca0-SiO,-MnO ternary system just prove this
inference. The influences of different additions on
the carbide capacity of this system are depicted in
Fig.7, where the existence of MnO results in
irregular changes of the carbide capacity (black and
blue points in Fig.7). When the content of MnO is
restricted to 0.1(10mol.%), the addition of SiO,
decreases the carbide capacity regularly (red points
in Fig. 7). The irregular effect of MnO on the carbide
capacity of CaO-SiO,-MnO can be attributed to the
abnormal-valence of Mn at high temperature. The
reduction of the content of SiO, is easier to control if
increasing the carbide capacity of CaO-SiO,-MnO
slag system is wanted.

The detailed comparison of the predicted results
with the experimental values of the inner comparison
points [38] are listed in Table 6. The relative deviation
(R.D.) varies from -4.8% to 0.5%, with the mean

Table 4. The relative deviation (R.D.) and mean deviation
(4) between the inner experimental carbide
capacity data (CI1-C14) [37] and the calculated
values by the present model

Points Com%?:;iEZi)(mOIe 108 Couae R.D.
SiO, | CaF, | CaO | Exp. | Cal
Cl | 0405 | 0.318 | 0.277 | -9.16 | -8.68 |-5.30%
C2 | 0.194 | 0.345 | 0.461 | -8.24 | -8.82 |-3.90%
C3 | 0.294 | 0.187 | 0.519 | -8.49 | -8.62 | 1.80%
C4 | 0273 | 0287 | 044 | -8.77 | -9.2 |-2.90%
C5 | 0.393 | 0.262 | 0.345 | -8.94 | -9.34 |-2.00%
C6 | 0.337 | 0.306 | 0.357 | -9.35 | -8.89 | 4.90%
C7 | 0.351 | 0.241 | 0.408 | -9.28 | -8.94 | 3.70%
C8 | 0.314 | 0.155 | 0.531 | -8.93 | -8.96 |-0.30%
C9 | 0.409 | 0.204 | 0.387 | -9.4 9.3 [ 1.10%
C10 | 0.408 | 0.228 | 0.364 | -9.39 | -9.25 | 1.50%
Cl1 | 0396 | 0.232 | 0.372 | -9.34 | -9.18 | 1.70%
C12 0.255 | 0.344 | -9.41 | -9.22 | 2.00%
Cl13 | 0.44 | 0.234 | 0.326 | -9.48 | -9.47 | 0.20%
Cl4 | 0457 | 0.311 | 0.232 | -9.59 | -9.63 |-0.40%
A 2.30%
-8.2+ N —m—0.3(Si0,) - x(CaF)
83+ oo ®— 0.3(CaF,) - x(SiO,)
-84+ A—0.5(Ca0) - x(Si0,)
285k \A
D§ -8.6 -
287+
-8.8
89}
-9.0 r W

9.1 . 1 . 1 N 1 L 1 N 1 N 1

0.10 0.15 0.20 025 030 035 040
x(CaF,) or x(Si0O, )

Figure 5. The predicted carbide capacity along different

component lines of SiO,-Cal',-CaO slag at
1773K

deviation (A) being 1.6% for 8 groups of data, where
the calculated results agree well with the experimental
carbide capacity.

4. Discussion
In the three examples above, the distribution of

the experimental points varies, but all the predicted
results by the present model agree well with the
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Table 5. Calculation boundary data of carbide capacity
(B1-B11) in SiO,-MnO-CaO slag within the limited
solubility region at 1773K by Park [38]

. Composition (mole fraction)
Points - log C_, e
SiO, MnO CaO
Bl 0.598 0.229 0.173 -9.58
B2 0.59 0.189 0.221 -9.72
B3 0.606 0.153 0.242 -9.51
B4 0.626 0 0.374 -9.43
BS 0.564 0 0.436 -9.48
B6 0.465 0 0.535 -9.31
B7 0.396 0 0.604 -8.92
B8 0.404 0.036 0.559 -8.71
B9 0.423 0.142 0.436 93
BI10 0.446 0.217 0.336 -9.29
BI11 0.535 0.227 0.238 -9.48
~,«f 1773K
0.4 Z
Oo logccarbidc
) 02 8.2
Q’ -8.4
aeNANYY 8.6
+4-8.8
0. 9.0
“£ JCalculation -9.2
i L 9.4
0.4 0.5 0.6 0.7 |=2ounealy -9.6
. -9.8
x (Si0,)

Figure 6. The calculated contour lines of carbide capacity
in CaO0-Si0,-MnO slag by the present model at
1773K.

experimental values, which means the present
model is powerful in the prediction of the carbide
capacity of slags and can be applied to more
systems. Theoretically, the denser the calculation
boundary points are, the higher the prediction
accuracy is, which was proved by the results in the
examples above. Besides, the selection of the
calculation boundary is flexible and has no need to
be restricted to the binary boundaries, which enlarge
the application range of geometrical models
extensively.

We calculated the contour lines of carbide
capacity within the calculation boundary and the
carbide capacity along different component lines to
show the influences of diverse components. It can be
concluded that the reduction of SiO, or AL,O, will be
of help for the increase of carbide capacity of CaO-
based systems, while the CaF, shows slight
influence. Besides, the addition of MnO shows
irregular influence due to the abnormal-valence of
Mn at high temperature.

Table 6. The relative deviation (R.D.) and mean deviation
(4) between the inner experimental carbide
capacity data (CI-C8) [38] and the calculated
values by the present model

o | Eacton) | 1 Ceme | gpy
SiO, | MnO | CaO | Exp. | Cal
Cl | 0.515 | 0.194 | 0.291 | -9.38 | -9.6 |-2.40%
C2 | 0.547 | 0.156 | 0.297 | -9.53 | -9.58 |-0.60%
C3 | 0517 | 0.15 | 0.334 | -9.24 | -9.45 |-2.30%
C4 | 0466 | 0.148 | 0.386 | -9.08 | -9.52 |-4.80%
C5 | 0.587 | 0.089 | 0.325 | -9.59 | -9.61 |-0.20%
C6 | 0435 | 0.118 | 0.447 | -9.42 | -9.37 | 0.50%
C7 | 0.436 | 0.109 | 0.455 | -9.38 | -9.32 | 0.60%
C8 0.43 | 0.057 | 0.514 | 9.5 | -9.34 | 1.70%
A 1.60%
x(MnO)
0.00 0.05 0.10 0.15 0.20 0.25
914 0\. —m—0.5(Si0,) - x(CaO)

| \ —e 0.1(MnO) - x(Si0,)
0. . A 0.4(Ca0) - x(Si0,)

carbide

O
en
2
9.4-
9.5 °
040 045 050 055 060 065
x(Si0,)

Figure 7. The predicted carbide capacity along different
component lines of CaO-SiO,-MnO slag at
1773K.

5. Conclusion

In this article, an extended geometrical model is
applied to the calculation of the carbide capacity, of
Ca0-AlO,-CaF,, CaO-SiO,-CaF, and CaO-SiO,-
MnO systems for the refining process. Satisfactory
agreements between the experimental data and the
calculated values are observed. In addition, the
contour lines of carbide capacity in all three systems
are predicted based on limited experimental data by
the present model. The selection of the calculation
boundary is flexible and has no need to be restricted
to the binary boundaries, which enlarges the
application range of geometrical models extensively.
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More applications in the calculation of carbide
capacity will be extended to other systems, except
for the CaO-based refining slags, in our coming
papers.
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PROCENA KARBIDNOG KAPACITETA ZA PROCESE RAFINACIJE U
TROJNIM SISTEMIMA SLJAKE NA BAZI CaO PRI TEMPERATURI OD 1773K

7Z.-G. Yu *, H.-Y. Leng *, L.-J. Wang ®, K.-C. Chou **

*Glavna drzavna laboratorija za napredni specijalni ¢elik & Glavna laboratorija za naprednu ferometalurgiju
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Apstrakt

Rafinaciona sljaka ima Siroku primenu u proizvodnji legura sa visokom dodatom vrednoicu, kao i u proizvodnji posebnih
vrsta celika. Uklanjanje primesa zavisi od prenosa mase izmedu granicnih povrsina Sljake i metala, i karbidni kapacitet
rafininacione Sljake je od izuzetne vaznosti za kontrolu sadrzaja ugljenika u finalnim proizvodima. U ovom radu je uveden
fenomenoloski model za izracunavanje karbidnog kapaciteta u razlicitim trojnim sistemima rafinacione sljake na bazi CaO.
Konturne linije karbidnog kapaciteta u CaO-Al,0-CaF,, CaO-SiO,-CaF, i CaO-SiO,-MnO sistemima su izracunate na
osnovu ogranicenih eksperimentalnih podataka u sadasnjem modelu. Eksperimentalni podaci unutar granica proracuna
uporedeni su sa predvidenim vrednostima i primeceno je zadovoljavajuce slaganje sa prosecnom devijacijom od 1.4%,
2.3% i 1.6%, pojedinacno, za ova tri sistema. Sadasnji model je mocan i fleksibilan za proracunavanje karbidnog
kapaciteta u trojnim sistemima Sljake na bazi CaO, i moze se primeniti i na druge sisteme.

Kljuéne reci: Karbida kapacitet; Predvidanje; Model; Na bazi CaO; Rafinisana Sljaka
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