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The viscosity of melts in the system CaO—FeO—Fe;0;—Si0; decreases
with increasing content of calcium oxide and iron oxides. The viscosity of the
melts in question was found to be a linear function of the mean mole mass
of the polyanions calculated on the basis of a statistical model, and an exponen-
tial function of the reciprocal value of thermodynamic temperature. The
coordination of iron atoms in the melt i3 genetrally low. The Fe3* cations were
not proved to participate in the formation of the polyanionic network. Complex
anions of the type FeO;~ or Fe,0f~ can be assumed to be present. Their
content decreases with increasing temperature while a larger portion of
larger silicate polyanions is formed. In this way, the Fe3+ cation takes over
the function of the tetrahedral network modifier. The phenomenon results
i an increase of the mole mass of polyanions with increasing temperature.

INTRODUCTION

The system CaO—FeO—Fe,0;—Si0, can be regarded as a model system of
steelmaking slags. The viscosity of melts in this system is one of the more important
properties determining the technological parameters of the refining process. In view
of the considerable reactivity of these melts, the experimental determination of
their viscosity at high temperatures is exceptionally demanding. This is why the
data on the viscosity of these melts in the literature are comparatively rare and
frequently controversial.

The viscosity of melts in the system CaO—FeO—Si0O, was measured for the first
time by Kozakevitch [1] at 1400 °C. The author worked with a crucible made of
sintered MgO and used argon atmosphere and a rotary viscometer. Further studies
were concerned with measuring the viscosity of melts in the system MgO—FeO—
—8i0, [2] in Mo crucibles using argon atmosphere, and in the system CaO—FeO—
—8i0,—Al,03 [3] by means of a torsion viscometer in nitrogen atmosphere. Inert
argon atmosphere, iron crucibles and a rotary measuring method were likewise
used in measuring the viscosity of melts in the system FeO—SiO; in [4]. The papers
[6, 6] were concerned with measuring the viscosity of meltsin the system Fe0y—SiO;
in air atmosphere; the ratio of the bivalent and trivalent iron in the melt was given
by temperature and the total content of iron oxides. The viscosity of melts in the
system CaO—FeO—Fe,0;—Si0; in air atmosphere has not so far been measured.

In studying the properties of melts in the system CaO—FeO;—SiO; in air atmo-
sphere, it is necessary to know the equilibrium composition as a function of tempe-
rature and of total composition. The phase equilibria in this system and thus also
the equilibrium compositions, based on the determination of the relative contents
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of bivalent and trivalent iron in rapidly quenched specimens of melts, were studied
in [7, 8].

Viscous flow involves transport of momentum between the individual particles
of the moving liquid. The coefficient of dynamic viscosity is therefore obviously
related to the mass of particles constituting the given liquid. Unlike the electrical
conductance of silicate melts, where the charge is transferred above all by cations,
the transport of momentum in viscous flow is provided mostly by anions. In the
case of silicate metls, the mean mole mass of the anions is a suitable correlation
parameter with respect to dynamic viscosity. According to Masson et al. [9] the
distribution of silicate anions in a melt is established by polycondensation reactions

of the type

Si0%~ + Si, 03D~ = 8i,, 0308~ + 02~ (1)
where the anions with the general formula Si, 02D~ form solely linear and branched
chains. Particularly at higher SiO, concentrations the melt will obviously contain
also cyclic and globular particles. The existence of such particles was pointed out
by Pretnar [10] who assumed that the melts of binary silicates include short chains
(n < 5) as well as globular particles with the general formula Si,032%~, where
n = 6. The number of bonds between the SiO4 tetrahedra in the polysilicate anions
is designated fn. It thus holds for chains that

fa=mn—1 (2)
And for condensed polyanions it then holds that [10]
n=2n — L.71 X n2/3 — 0.5. (3)

The equilibrium according to equation (1) can likewise be described generally by
the schematic equation

20-=0°+ 02 (4)
having the equilibrium constant

K= —r——" s (5)

where O° and O~ represent the bridging and the non-bridging oxygen atoms respecti-
vely. The equilibrium, which determines the quantitative distribution of anions
in binary silicate melts, can thus be described in this way using a single equilibrium

constant.
The mean mole mass of silicate anions and the mean number of SiO4 tetrahedra

in the anion can be calculated according to the equations

_ Z M"xn . . z Ny
M= ? """ T ®)
where M, is defined by
M, = 28.086n 4 16(4n — f,) (7
and for z,, Pretnar derived the equation .
xn = 2(8i02) (1 — g)2 ¢, (8)

where ¢ = 241/%p is the parameter of a geometrical series determining the concen-
tration of polymerized anions in the form

Tngn-t =1 4 31/Zq + 3V§q2 =+ ... (9)
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The polymerization degree P was defined by Pretnar as the ratio between the
number of oxygen bridges (i.e. bonds between SiQ, tetrahedra) present in the real
structure, and the total theoretically possible number of bridges,

2 fnn

2x(Si0;) ’
where z, is the mole fraction of the silicate anion formed by n SiO4 tetrahedra.
The following equation holds for the equilibrium constant (5) and the polymerization
degree P:

. 1 x(MeQ) z(MeO) z(MeO) ol
P=35—3x {1 T 2(Si0,) T 8K +V1 + 2x(8i0,) [2x(SiOz) 16K 2]}
(11)

Pretnar derived the following relationship between parameter ¢ and polymerization
degree P:

P= (10)

2P
1—q2
The present study was concerned with measuring the viscosity of melts in the
system CaQ—FeO—Fe,0;—S8i0; in air atmosphere in the temperature range of
1560 K to 1900 K. Using the known equilibrium composition of the melts [7, 8] and
Pretnar's statistical model [10] the mean mole mass values of the silicate polyanions
were calculated, and the dependence of viscosity on these values was plotted.

5 0
= Zl (n —1)gn1 + }_jﬁ (2n — 1.71n2/3 — Q.5) gn-1, (12)

EXPERIMENTAL

The viscosity measurements were carried out at 5—6 different temperatures
using a high-temperature oscillation viscometer of our own construction. The appa-
ratus is described in detail, together with the verification of its function, in [11].
The measuring body employed was a cylinder with conical ends, where the cylinder
radius and height, as well as those of both cones were (3.718 4 0.005) mm; the
body was of PtRh40 alloy. The other parts of the suspension system with total
mass of 497.5 g, were made of stainless steel and brass. The suspension system was
suspended from a torsion wire made of PtW8 alloy, 0.3 mm in diameter and
about 60 cm in length. The moment of inertia of the suspension system was (5.464 +
=+ 0.009) X 10-5kg m2, the oscillation period in air was 4.6146 s. The damped har-
monic oscillations of the suspension system were recorded by means of a halogen
lamp beam, reflected from the suspension system mirror and received by two
phototransistors placed in the beam trajectory. The set of time invertals was
transmitted by means of an interface to the memory of the EMG 666 calculator.
The mathematical processing of the set of time intervals, the calculation of the
periods, the amplitudes and the logarithmic decrement were carried out in the way
described in detail in [12].

The viscosity of the melts being studied was calculated according to the modified
Verschaffelt‘s equation [13],

36.1 1
= i 1
= R, (2+b1R+P) 13)
where
P blR + 1 R b o QTC
TBR+12+02R T |
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7 is the dynamic viscosity [Pa . s], g is the density of the melt measured (kg m-3),
R is the radius of the measuring body (m), I is the moment of inertia of the torsion
pendulum (kg m?), v is the period in the melt being measured (s), 7o is the period
in air (8) and J is the logarithmic decrement. The numerical constant 3/5 follows from
the geometrical shape of the measuring body and was determined by calibration
in aqueous glycerol solutions as described in [11]. The densities of the melts, re-
quired for viscosity calculations, were taken from [14].

About 100 g of the sample was placed in a platinum crucible at the centre of an
electric resistance furnace. The temperature was measured by means of a PtRh6—
—PtRh 30 thermocouple immersed in the melt; the accuracy was =+ 5 K.

The samples were prepared by fusing the corresponding amounts of calcined
CaCO; A.R., SiO; A.R. and Fe,03 AR, in a platinum crucible. The composition
of the samples was chosen, as far as possible, to follow the curve representing the
change in composition of the model slag in the system CaOQ—Fe,0;—S8i0, during
the steel-making process, as published in [15]. Two sections were chosen, having the
respective constant ratio k; = 2(Ca0)/z(Si0;) = 1 and k, = #(Ca0)/x(Fe,0;) = 4.
The equilibrium composition of the melt at the experimental temperature was
determined according to the equation

r = 17273 — 6.592 X 10~4T/K -+ 0.223k; + 0.116 2’(Fe;0;), (14)

where r = z(Fe 03)/[x(FeO) + x(Fe;03)], T is the temperature (K) and z'(Fe,03)
is the mole fraction of ferric oxide in the initial mixture. Equation (14) was derived
in the present study on the basis of phase equilibrium investigations described in
[7, 8]. The equilibrium melt composition was checked after the measurements by
determining the content of bivalent and trivalent iron in rapidly quenched specimens.
Volumetric analysis and atomic absorption spectroscopy were used, and the results
were in satisfactory agreement with the equilibrium composition calculated according
to equation [14]. Fig. 1 shows the composition plots for the samples investigated.

B.-—o—"./

1
Ca0 mass % Fey0y

Fig. 1. Representation of the selected cross sections in the system CaO—Fe;03;—S8i0;.
1—7: figurative poinis of the initial composition of the samples; A—B: the course of change
in slag composition in the course of the refining process [15].
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The temperature dependence of viscosity of the investigated melts was expressed
by means of second degree polynomials in the form

logn =a 4+ b 1 1)? 15
gn =a T T\ ) (15)
The a, b and ¢ coefficients were calculated by the least squares method. The results
of the viscosity measurements are listed in Table I.

Table I
The coefficients of the temperature dependence of viscosity for melts in the system

2
Ca0 — FeO — Fe,0; —8i0; . logn =a + b% + c(——zl-'—) H T (K); n(Pa.s)

Sample| z (Ca0) | 2(Fe,0y) | z(Si03) a bx 10*K|¢x10-'K2?| ¢ x 103 TIK
1 0.500 — 0.500 1.384 | —1.485 2.068 3.4 1710—1900
2 0.472 0.056 0.472 1.164 | —1.,324 1.788 5.8 1720—1890
3 0.444 0.111 0.444 —1.184¢ | —0.534 1.063 9.4 1610—1870
4 0.412 0.176 0.412 1.760 | —1.578 1.893 6.5 1560—1830
5 0.517 0.129 | 0.353 -—1.288 | —0.581 1.073 14.2° | 1650—1890
6 0.383 0.096 0.521 2.660 | —1.843 2.257 5.2 1620-——1880
7 0.312 0.078 0.610 1.242 | —1.322 1.892 4.1 1660—1890

RESULTS AND DISCUSSION

The viscosity of melts in the system CaO—FeO—Fe;0;—S8i0, was found to
increase with increasing SiO, content in the melt and with decreasing temperature.
The melt viscosity was generally decreased by additions of iron oxides (Fig. 2).

. X(Fe0)) -
CaSiO3 005 0,10 015
0 T Y T
-03 =
@
&
o
= -06 .
~09 | 4
“12F 1 1 1 .
03 04 05 X(sioz)o’s

Fig. 2. Viscoaity vs. composition for the melts in the system CaO—Fe 0,—Si0; at 1723 K.
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This indicates that both calcium and iron cations reduce the polymerization degree
of the silicate anions. To asses quantitatively this effect, the mean mole mass and the
mean number of tetrahedra in the polyanions was calculated for the melts investi-
gated. Such calculation was carried out for melts in the system CaO—MgO—SiO,
in [16].

To calculate the mean mole mass of anions it is neccessary to know the equi-
librium constants of the polymerization reactions. The literature [9] specifies the
values of the dimerization constants in some binary systems MeO—=Si0, (Me = Ca,
Mn, Pb, Fe, Co, Ni). Balta and Balta [17] found a linear dependence between
the logarithm of the equilibrium constant and the ionization potential of the
metal cation. The values published in [9] were accepted for the calculation: for
the system CaO—Si0,, K = 0.0016, for the system FeO—SiO,, K = 0.7 and
for the system Fe;0;—8i0;; the value K = 20 was accepted on the basis of the
third ionisation potential of Fe. The temperature dependence of the equilibrium
constant was not considered in the calculation.

In the four-component system CaO—FeO—Fe,0;—Si0,, the equilibrium constant
was calculated from the additive contributions of the logarithms of equilibrium
constants in the boundary systems according to the equation

_ %(Ca0) z(FeO)
x(F8203)
t 00y log K(F3 — 8§), (16)

where X xMeO = z(Ca0) + 2(Fe0) + x(Fe;0;). The further procedure was as
follows: The value of the mean mole mass of the silicate anions and the mean number
of the 8iQ, tetrahedra in the particle were calculated according to equations
(6,7, 8and 11). In view of the conditions under which the equations had been derived
for the calculation, the required molar fraction values had to be converted into
the system CaQ—FeO—Feqs;0—S8i0;. The results obtained are listed in Table IT
for 1723 K; however, they were also calculated for 1823 K. The maximum number
of tetrahedra in the anion employed in the calculation of distributions for the indi-
vidual mixtures was limited by the relationship £ nz, == 2(8i0,). Table II indicates

Table 11

Equilibrium composition of melt, equilibrium constant of the polymeration reaction ,
the mean number of tetrahedra and the mean mole mass of polyanions and melt
viscosity at 1723 K

[} H | i

= : : | ! ! | by
£ | 2(Ca0) | 2(Fe0) :x(Fe2/30)Im(SiOz)‘ K | a1 7 s |8
g é | | | gimol | Pa.s | £ | %
* | | I | J =R

{

1| 0500 | — — | o500 | 00016 | 53| 362 | 0530 | 50 | 0.4998
2 | 0432 | 0.009 | 0126 | 0.432 | 00040 | 2.9 | 218 | 0320 40 | 0.4320
3 | 0375 | 0,016 | 0233 | 0.375 | 0.0094 | 1.9 1 159 | 0197 | 30 | 0.3750
4 | 0319 | 0023 | 0339 | 0.319 | 0.0225 | 1.7 | 142 | 0095 | 30 | 0.3190
5 | 0.417 | 0,007 | 0200 | 0.285 | 0.0100 | 1.2 | 110 | 0090 | 20 |0.2850
6 | 0.334 | 0.019 | 0193 | 0.45¢ | 00090 | 3.8 | 271 | 0366 | 70 | 0.4540
7 | 0.283 | 0.021 | 0.148 | 0.547 | 0.0086 | 9.2 | 588 | 0.870 | 150 | 0.5470
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that the mean chain length as well as the mean mole mass of the silicate anions
increases with increasing SiO, concentration. The decrease of the mean mole mass
is suppressed only at higher concentrations of ferric oxide (cf. samples 1—4). A linear
dependence of dynamic viscosity on the calculated value of the mean mole mass
of the silicate anions was established. This relationship is plotted in Fig. 3. The

T T T
e b
T
O,
02k
abd
1 1 I
0 200 400 _ SOP
M/(g.mol’)

Fig. 3. Viscosity vs. mean mole mass of anions in melts of the system CaO—Fe(O-—Fe,0;—S810;
at 1723 K (o) and 1823 K (a).

slope of this relationship is an exponential function of the reciprocal value of thermo-
dynamic temperature. The dependence of viscosity on the mean mole mass of silicate
anions and on temperature was described by the euqation

. 1
_ 92) ox ((2293 X 100K

M
g/mol

where the standard deviation of the viscosity values measured ¢ = 9 X 103 Pa . s.
On comparing this equation with a similar equation obtained for the system CaO—
—MgO—S8i0, in [16] one sees a very satisfactory agreement in the value of the
preexponential term (2.285 x 10-? in [16]), as well as in that of the constant in
the exponent (2.349 < 104 in [16]), which implies a general character of this relation-
ship and its general validity for silicate melts. The conclusions that could be drawn
from the calculation results are similar to those formulated in study [16]:

1. The structural units, i.e. the isolated silicate polyanions, are in fact units of flow.

2. Sterically, the silicate polyanions are obviously similar and to a considerable
extent also isometric.

3. The melts in the system CaOQ—FeQ—Fe,0;—S8i0,, at least to a content of up
to 61 mole %, Si0,, are composed of isolated silicate anions, so that no gel is yet
formed at this SiO, concentration.

Of considerable interest is the effect of the chemical nature of the cations present
on viscosity, and thus also on the anionic structure of the melts. In view of the
viscosity decreasing with increasing content of iron oxides, the assumption on the
entry of the Fe3t cations into the polyanionic network, and its participation in the

J]—S — 2.881 X 10—9(

Pa

- )+ 0.05, (17)

-
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formation of globular anions was not fully proved. However, in spite of this the
tetrahedral coordination of at least some of the Fe3* cations in the melt is on the
whole logical and follows from the ratio of the ionic radii of ferric ions and
oxygen ions. The ferric cations may then be present in the melt as isolated FeO$§-
tetrahedra, twinned FezOg" tetrahedra, or participate in the structure of anions
with a low number of SiO}~ or FeO}~ tetrahedra; on the one hand, they thus acquire
the character of complex anions, but on the other do not contribute to increasing the
melt viscosity. Their content in the melt decreases with increasing temperature,
producing a higher content of the larger purely silicate polyanions. This tempera-
ture-activated process has the result of increasing the mean mole mass of the anions
with increasing temperature. This explanation of the behaviour of the Fe3* cation
in silicate melts is in agreement with the conception put forward by Waff [18] and
with the results of Mossbauer’s spectra measurements in [19—21], where complex
compounds of the type CagsFe3tO, with a tetrahedral coordination of the ferric
cation were considered.
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VISKOZITA TAVENIN SUSTAVY CaO—FeO—Fe,0,—Si0,

Vladimir Dangk, Tibor Li¢ko, Zdenék Panek

Ustav anorganickej chémie Centra chemického viskumu SAV, 842 36 Bratislava

Pomocou vysokoteplotného oscilaéného viskozimetra sa stanovila viskozita tavenin
sustavy CaO—FeO—Fe,05—S8i0; vo vzdusnej atmosfére v teplotnej oblasti 1560-—1900 K.
Zistilo sa, ze viskozita sledovanych tavenin klesé so stipajicim obsahom oxidu védpenatého
a oxidov Zeleza. Pomocou znameho rovnovézného zloZenia tavenin sa pomocou $tatistického
modelu Pretnara vypoditali hodnoty strednej mélovej hmotnosti kremi¢itanovych polyanié-
nov. Viskozita sledovanych tavenin je linedrnou funkeciou strednej mélovej hmotnosti poly-
aniénov a exponencidlnou funkeciou prevritenej hodnoty termodynamickej teploty. Koordi-
nécia atémov Zeleza v tavenine je vo vieobecnosti nizka. Potvrdila sa Géast Fe3+ katiénov
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na tvorbe polyanidnovej siete. MoZno predpokladat pritomnost komplexnych aniénov typu
FeO;~, resp. Fe,0i~. Ich podiel so vzrastajicou teplotou klesi, pridom vznikd viési podiel
objemnejsich kremiéitanovych polyanidénov. Fe3* katiéon tak prebera funkciu modifikdtora
tetraédricke] siete. Désledkom tohto deja je zvySovanie strednej moélovej hmotnosti polyani-
énov s rastiicou teplotou.

Obr. 1. Zndzornenie vybranych rezov v sustave CaO—Fe,0;—Si0;. I—7: figurativne body
navdfeného zlofenia sledovanych vzoriek; A-—B: priebeh zmeny zlofenia trosky podas
skujfiovania (15).

Obr. 2. Zdvislost wiskozity od zlofenia sledovanych tavenin sistavy CaO—Fe,0,—Si0; pri
teplote 1723 K.

Obr. 3. Zdvislost viskozity od strednej mdlovej hmotnosti anidnov v tavenindch sustavy
Ca0—FeO0—Fe;0;—Si10; pri teplotdch 1723 K (o) a 1823 K (A)-

BA3SKOCTE PACIIJABOB CIHCTEMBI CaO—FeO—Fez0;—5i0;
Baaxmmup anex, Tudop JInuko, 31enex Ilaner

Hruemumym neopeanuueckoii zumuu enmpa zumuneckozo uccaedosanus CAH
8§42 36 Epamucaasa

C DOMOIIBI0 BRICOKOTEMIIEPATYPHOIO OCIMIIJSIIMOHHOIO BHCKOBAMETDA Y TaHABIHBAJH
BA3KOCTL pacHaaBoB cHcTeMbl Ca0— FeO-— Fe;0;—Si0; B atMocdepe Bo3lyxa B TeMimepa-
TypHOI obmacTu 1 560—1 900 K. Bputo ycTaHOBIEHO, YTO BA3KOCTH HCCIEAYEMBIX pachJa-
BOB IOHMKAETCH ¢ PACTYINHM COjIEPHAHMEM OKCHIA KAJdbIHA U OKCHIOB sKele3a. Ha ocmo-
BAaHAH H3BECTHOI'0 DABHOBECHOTO (OCTABA PACIFIABOB C MOMOIIBIO CTATHCTHYECKON MOXeIn
IlpeTHapa pacUMTHIBAIH BeTMIMHLI CPETHCTO MOJAPHOrO Beca CHIMKATHHIX MOJIHAHMOHOB.
BaskocTh MceIegyeMBIX DPACITIABOB SIBJIseTCS JIMHEHHOH (QyHKmMeHR cpelHero MOJAPHOTO
Beca IOJIMAHMOHOB M INOKA3aTelbHOoH (yHKOueil oGpaTHOH BeJIMYMHEL TePMOAMHAMHYECKOH
TemnepaTypsl. HoopamHamisa aToMoB jKeilesa B pacmilaBe B o6mem Hu3ka. llpsamoe ydactme
Fe3+ KaTHOHOB B 00pa30BAHAH HOJHAHWOHOBOM ceTKN HEMOTBepAHIoch. MOKHO mpeimoia-
TaTh OPACYTCTBHE KOMIUIEKCHEIX aHHOHOB THma FeO3- mim Fe,Of-. Ux xoia ¢ pacrymei
TeMIIepaTypoil HOHMKAETCA, NPHIeM BO3HIMKACT OONLIIAst 1015 60sree 00BEMHEBIX CHIMKATHBIX
nonmanmoHoB. TakuM obpasom Fe3*+ kartuom Geper Ha cefa GyHRMIO MoTunduKaTOpa TeTpa-
SNPHIECKON ceTKM. PesysbraToM NpMBOJMMOIo lefcTBHA sBJIAETCA NOBBIMICHHE CDeHero
MOJIAPHOTO Beca MOJIMAHHOHOB B 3aBHCHMOCTH OT PACTYINEH TeMIepaTypHl.

Puc. 1. Haobpancenue nodobpannvix paspesoe ¢ cucmeme CaQ—Fea0;—Si0z: 1—7 — Puey-
pamugusle mouksu nodasaemozo cocmasa npob6, A—B — xod usmenenus cocmasa
utnaka 8o epems nepedeaa (15).

Puc. 2. 3asucumocms gazxocmu om cocmaea uccaedyemulx pacnaagos cucmemst CaO— Fe Oyp—
—SiO2 npu memnepamype 1723 K.

Puc. 3. 3asucumocmov 6Azrocrmu om cpednezo MoAAPIO20 6eCA AHUOHOE 6 PACNAABAT CUCTMEMbL
Ca0—FeO—Fe,0:—Si0; npu memnepamypax 1723 K (o) u 1823 K (a).
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Povrchové vlastnosti a aktivni uhli

Reaktivita

Metody studia

Aplikace.

Zéjemci o konferenci se mohou obratit na prof. Dr. H. P. Boehma, Institut fiir anorganische
Chemie der Universitdt Miinchen, Meiserstrasse 1, D-8000 Miinchen, od n&ho% obdr#i dalsf
informace.

Bartudka
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