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INTRODUCTION

At present scientists lack comprehensive sets of in-

formation describing heterogeneous processes at high

temperatures, as partial data are obtainable only with

difficulties. In spite of that the knowledge of physical –

chemical regularities in molten poly-component oxidic

systems is essential for many disciplines �1-3�. Al-

though numerous models for calculation of their proper-

ties were developed, character of the obtained results is

rather only approximate with limited area of application

�4�. Many authors have formulated their concept of pos-

sible distribution of particles. The "WSM" �5� and

Pretnar’s theories �6� seem to be fundamental. They as-

sume in the melt associated silicate macro-molecules

with different degree of complexity.

Models of Gaskel �7� and Baes �8� further develop

theories of occurrence of strings and they are almost in-

applicable in practice due to absence of the input data.

Butler �9� has derived on the basis of activity of com-

ponents in surface and voluminal phase a semi-empiric

equation for calculation of the surface tension of binary

system. Tanaka �10� has further modified the Butler’s

equation for molten salts. Authors of the works �11, 12�
have modified this model for poly-component oxidic

melts. The Choi’s model �13� can be applied on ternary

systems with limited solubility.

In spite of that none of the existing models can cover

the extensive temperature interval of forming of oxidic

poly-component melts consisting of melting and dissolu-

tion of the input components of heterogeneous mixture

accompanied by many chemical reactions. For this rea-

son the presented work deals with experimental study and

analysis of surface tension of poly-component slag sys-

tems in order to approximate mutual relationships of in-

vestigated parameters to chemical and structural changes.

EXPERIMENT

Experimental methods

A sessile drop method was chosen for measurement

of surface tension with respect to the character of the

measured systems. The principle of this method is based

on evaluation of geometric parameters of a droplet lying
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on a non-wettable plate. The values of surface tensions

were obtained from the contour of the droplets by math-

ematical solution based on the Laplace's equation.

Experiment was realised in an enclosed horizontal

tubular Tamman's furnace with inert argon atmosphere.

Due to oxidic character of investigated systems the plate

was made from graphite. The sample was scanned with

a 3-chip CCD camera.

Due to occurrence of anomalies during measurement

a high-temperature phase diffraction analysis was applied

as it enables interpretation of possible phenomena. The

measurement itself was made with use of the automatic

X-ray diffractometer D 500 made by SIEMENS, which

was completed with high-temperature chamber made by

PAAR and directionally sensitive detector ELPHYSE.

Experimental material

The initial analysed system, marked in the work as

the system A, was a sample of the refining slag with

chemical composition specified in Table 1. It is a

quasi-quaternary system consisting mostly of the com-

ponents CaO, Al2O3, SiO2 and MgO. Precise chemical

composition was determined by the X-ray fluorescent

spectrometry.

Table 1. Chemical composition of investigated system A

component A /wt.%

CaO 45,48

Al2O3 41,16

MgO 5,32

SiO2 5,56

Fe2O3 0,68

TiO2 1,22

K2O 0,17

Next step was to study the influence of the CaO con-

tent on behaviour of the melt. For this purpose series of

samples were prepared with incremental increase in

CaO always by 3 wt.%. In this manner the samples with

concentration interval from 45,48 – 57,48 wt.% CaO

were obtained (i.e. with concentrations 48,48; 51,48;

54,48; 57,48 wt.% CaO). Prior to measurement the sam-

ples were annealed and moisture was removed from

them. They were homogenised by grinding and pressed

into the form of a tablet with mass of approx. 1g.

OBTAINED RESULTS

First the temperature dependence of surface tension

of the initial system A was determined (Figure 1). The

zone of softening of this system falls into the tempera-

ture interval 1633-1643 K.

Then the initial mineralogical composition was as-

sessed. The amorphous component represented almost

half of the content. Calcium aluminium oxide, as well as

larnite, akermanite and mayenite were present in greater

extent. Phases of portlandite and periclase (Figure 2)

were present in smaller extent.

It was established from evaluation of the X-ray dif-

fraction spectra that when the sample was heated to

1573 K all the phases were dissolved and only the

phases FeO and MgO were identifiable. When the tem-

perature exceeded 1700 K the whole sample was already

liquid. For this reason the obtained values of surface ten-

sion can be considered as relevant only above this tem-

perature.

Temperature dependences of surface tension were

determined experimentally in all the systems of the con-

centration series formed by incremental additions of

CaO to the original sample A. The obtained results were

fitted by linear regression and presented in the form of

isotherms (Figure 3).

DISCUSSION OF RESULTS

Interpretation of the obtained results is somewhat

problematic due to complexity and chemical diversity of
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Figure 1. Temperature dependence of surface tension in
the system A

Figure 2. Mineralogical composition of the initial system



the investigated system. For this reason it is impossible

to apply on theoretical calculation of surface properties

majority of the existing models working with binary and

ternary systems �4 - 10�.

Surface tension of slags is influenced by the proper

structure of the melt. The obtained values of surface ten-

sion are comparatively high in comparison e.g. with sili-

cate melts and FexO melts. This is in accordance with

e.g. the work �10�, in which it was found that the surface

tension increases with decreasing SiO2, and with in-

creasing CaO and Al2O3. Comparatively high measured

values of surface tension are related also to very low

content of Fe2O3. In most steelmaking slags Fe3+ will act

as a network-breaker �14�.

From the viewpoint of older theories, for example

according to Danìk �15�, who defines on the basis of re-

lation x / xCaO MeO the share of atoms Al3+ in related sys-

tems, which can participate in formation of poly-anion

networks, approximately half of Al3+ atoms would be

oriented in tetrahedral manner and it would participate

in formation of poly-anion networks. Remaining part of

aluminium atoms would belong to octahedral coordina-

tion and these atoms would behave as structure modifi-

ers. This assumption disagrees slightly with the theory

of Nguyen �16�, who assumes for the given system tetra-

hedral coordination in all aluminium atoms. Mills �17�

also assumes in his works tetrahedral coordination of

aluminium cations and their influence on overall poly-

merisation of the melt.

It is generally valid that if ions Si4+ appear in the

melt, they would have a decisive influence on its struc-

ture, since silicon is the most electrically negative of all

participating elements and it creates together with oxy-

gen stable complexes with firm covalent bond. This as-

sumption is used for explanation of structure of silicate

melts and of their influence on surface tension for exam-

ple by Melamud �14�. It is always necessary to take into

account that the system presented in this work contain

only very little amount of SiO2. Formation of more com-

plex ions can occur only within the frame of the ions

Al3+, which can possibly with participation of silicon

form complex ions of the type Al SiO2 7

4� .

Figure 1 shows temperature dependence of surface

tension of the initial system. Application of X-ray dif-

fraction analysis established extinction of individual

phases below the temperature of 1703 K. For this reason

at the temperature slightly above the liquidus there oc-

cur anomalies of temperature trends of surface tension

and results are not quite reproducible. Above the tem-

perature of 1703 K almost linear drop of suten occurs till

the end of measurement due to increase of kinetic en-

ergy of particles and weakening of interactions between

them.

Analysis of influence of CaO on surface properties

(Figure 3) showed that similar trend of development is

evident. According to the theory of Nguyen �16� at com-

plete absence of bridging oxygen in the melt the increase

of CaO content in the system would cause only small

changes of absolute values of surface tension. At the

same time CaO has, for example in respect to Al2O3, low

value of partial molar surface tension. It is therefore pos-

sible to expect in a melt with insufficiently formed net-

work structures two contradictory effects at additions of

CaO – increase of surface tension due to modification

properties of calcium oxide and simultaneously its de-

crease due to its low partial value.

Assuming of imperfectly formed network structures

in the melt the additions of CaO would lead at higher

concentrations to decrease of the system surface tension.

Modification effect would therefore be to a certain ex-

tent compensated by the value of partial molar tension of

CaO �18, 12�. Authors Choi and Lee �13� have also con-

firmed that for a given SiO2 content, the surface tension

was relatively independent on the CaO/Al2O3 ratio. It is

also necessary to realise that majority of the systems in-

vestigated within the frame of this work showed in the

presented temperature interval a negative value of the

expression (d�/dT). These conclusions correspond also

with assumptions of the authors investigating the similar

systems �19�.

CONCLUSIONS

Individual findings can be summarised as follows:

– The established trend of temperature dependence

of surface tension of poly-component oxidic sys-

tem corresponds with generally accepted notions

of decrease of surface tension with temperature of

melts only in limited temperature interval.

– Phase changes established by X-ray diffraction

analysis correspond with anomalies in behaviour

of surface properties of melts near the liquidus

temperature.
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Figure 3. The surface tension dependence on CaO con-
centration in various temperature



– Increase in CaO content increases within the

frame of investigated temperature intervals the

values of surface tension at all temperatures.
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