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Aluminium and silicon oxides are included into the composition of fluxes for welding, electroslag remelting
and metallurgical slags. Knowledge of thermodynamic properties of aluminium oxide—silicon oxide system
mixtures will allow evaluation of the nature of their interaction in the melt that will provide an insight
into the metallurgical properties of the respective materials for welding and related technologies developed
on their base. Analysis of published data on phase equilibria of constitutional diagrams of aluminium
oxide—silicon oxide system and thermodynamic properties of this system was performed. It is established
that the constitutional diagram data are correct, and experimental values of activities of these melt com-
ponents are characterized by large scatter. The coordinates of liquidus line of the constitutional diagram
of aluminium oxide—silicon oxide system were used to calculate the thermodynamic activities of aluminium
oxide at its concentration in the range of 0.7—1.0. It is established that they start manifesting small negative
deviations from ideal solutions in the eutectic melt (0.74). Integration of Gibbs—Dugem equation was
performed to assess the activities of silicon oxide. It was determined that they demonstrate slight negative
deviations from ideal solutions. It is shown that the influence of aluminium oxide—silicon oxide system
melts on the nature of interaction in complex multicomponent solutions can be significant. It is found that
addition of thermodynamically stable chemical compounds (for instance, sillimanite) to multicomponent
slag melts leads to lowering of their oxidizing ability. Replacement of quartz sand and alumina by disthen-
sillimanite concentrate in agglomerated flux charge leads to lowering of thermodynamic activity of oxygen
in the slag melt, slows down running of silicon-reduction process and reduces manganese losses in welding.
25 Ref., 6 Figures.
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Aluminium and silicon oxides are included into
the fluxes for welding, electroslag remelting and
metallurgical slags [1]. In multicomponent slag
melts on their base, complex alumosiliconoxygen
anions of different degrees of polymerization
form, which determine the melt physico-chemical
properties, and technological and metallurgical
properties of the respective materials, accord-
ingly. Knowledge of thermodynamic properties
of Al2O3—SiO2 system melts is required to predict
the thermodynamic properties of the respective
ternary and quaternary slag systems, which in-
clude binary Al2O3—SiO2 system, and improve-
ment of currently available welding fluxes and
metallurgical slags.

In this connection, the objective of this work
was analysis of the available published data on
phase equilibria and thermodynamic properties
of Al2O3—SiO2 system mixtures, as well as cal-
culation of activity of components of liquid so-

lutions, proceeding from the coordinates of
liquidus line in a broad concentration range.

The first publication of phase diagram [2] is
in agreement with the data on liquidus line co-
ordinates [3]. The authors showed that
3Al2O3⋅2SiO2 compound called mullite [4] is
more stable in air at atmospheric pressure than
sillimanite (Al2SiO5). Experimental data on
phase equilibria in this system were determined
more precisely and were analyzed, for instance,
in [5—15].

In [5, 6] different factors influencing mullite
melting were also considered, and in [12] the
invariant compositions and their temperatures
were summed up. All these data and some of the
more recent ones are given in Figure 1, from
which it is easy to visualize the modern consti-
tutional diagram of Al2O3—SiO2 system.

SiO2 eutectic – mullite, according to the data
of [13], has the following coordinates: 1545 °C;
3.3 mol.% Al2O3, that is confirmed by thermal
data [14], according to which the average eutec-
tic temperature is 1546 °C.
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Considering the data given in Figure 1, we
can come to the conclusion that mullite
(65.3 mol.% Al2O3) melts in a congruent manner
at 1891.5 °C, and mullite—Al2O3 eutectic con-
tains 68.5 mol.% Al2O3 and melts at 1890 °C. It
is also found that mullite decomposes at T <
< 434 °C.

A. Zajtsev with co-authors [16] studied the
activities of silicon oxide in mullite—Al2O3 two-
phase region at 1200 and 1480 °C by the method
of Knudsen effusion mass-spectrometry
(KEMS), using pure SiO2 as a standard condi-
tion. Ignoring the temperature impact, it was
found that activity aAl2O3

 = 0.56.
S. Shornikov with co-authors [17] applied the

same method to study partial pressures of differ-
ent particles over the mullite solution and ob-
tained aAl2O3

 = 0.37 at 1550 and 0.18 between
1660 and 1760 °C.

In [18] differential KEMS method was used
to determine aAl2O3

 in melts of Al2O3—SiO2 sys-
tem at 1600 and 1700, 1800 °C with ±20 % error.
Considering that the initial samples were non-
equilibrium, and had high viscosity, this pre-
vented establishment of equilibrium during the
experiments. In view of the above, these results
cannot be regarded as valid. Moreover, the de-
termined aAl2O3

 demonstrate very large negative
deviations from the Raoult law that is unchar-

acteristic for systems with weak interparticle in-
teraction, to which the considered system be-
longs.

KEMS method was used to study the activities
of silicon dioxide in this system melts at 1927,
2027 and 2127 °C [19]. From Figure 2 it is seen
that aAl2O3

 values derived in [19] have alternating
deviations from ideal solutions and slight tem-
perature dependence.

The same method was used in [20] to deter-
mine aAl2O3

 at 1748 and 1877 °C in melts of Al2O3
with SiO2 up to aluminium oxide concentration
≤0.6. These data demonstrate the smallest nega-
tive deviations from Raoult law.

In [21] KEMS method was used to determine
aAl2O3

 in a broader compositional range at 1577
and 1677 °C. It is found that in the region of
SiO2-enriched liquid solutions, aAl2O3

 activity
demonstrates slight negative, and at aAl2O3

 >
> 0.3 – positive deviations from Raoult law. At
penetration into the heterogeneous region at
aAl2O3

 > 0.6,  SiO2 activities, as was anticipated,
acquire constant values.

Modelling aAl2O3
 of the system mixtures in the

entire compositional range was performed in
works [22, 23] using a package of applied soft-
ware Thermocalc and Factsage, respectively.
SiO2 activities determined in these works, are
given in Figure 2. It is clear that they correlate

Figure 1. Constitutional diagram of Al2O3—SiO2 system by the data of different authors
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with the data from one of the more recent studies
[21].

Considering the great scatter of data in ex-
perimentally established aAl2O3

 (see Figure 2),
we calculated aAl2O3

 from the liquidus line coor-
dinates in composition region of 0.7 < xAl2O3

 <
< 1 by the procedure developed by us [24]. It
turned out that aAl2O3

 demonstrate values, close
to ideal solutions. This is not surprising, as the
properties of Al2O3 and SiO2 are similar and,
therefore, the energies of their interaction, either
in solid, or in liquid state, cannot be strong.
Moreover, we find that in eutectic melt aAl2O3
activity starts manifesting slight negative devia-
tions from ideal solutions. Considering that they
will remain just as small with increase of SiO2
content, we have extrapolated them to the entire
composition region (Figure 3).

From the thus obtained aAl2O3
, the aAl2O3

 val-
ues were calculated by integration of Gibbs—
Dugem equation (Figure 3). As was anticipated,
aAl2O3

 also demonstrate slight negative deviations
from ideal solutions, i.e. reveal a similar depend-
ence.

All the known experimental results on activi-
ties of Al2O3—SiO2 system melt components are
characterized by large errors, which due to that,
first, the studied alloys often were non-equilib-
rium, secondly, all of them are had very high
viscosity, because of which the alloy composition
can change during high-temperature investiga-
tions, in connection with predominant evapora-
tion of one of the components. Therefore, the
experiments should be followed by chemical
analysis of the samples, and then the obtained
results would be more adequate.

Alloys of this system cannot demonstrate large
negative deviations from ideal solutions, as it
was obtained in [18]. Results of [17] are not

Figure 2. Activities of Al2O3—SiO2 system melt components

Figure 3. Activities of Al2O3—SiO2 system melt components
calculated from liquidus line coordinates at 2160 K

Figure 4. Gibbs mixing energy of Al2O3—SiO2 system melts
at 2160 K
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quite valid, either, as they demonstrate consid-
erable temperature dependencies in a narrow tem-
perature range. Therefore, we believe that the
data obtained by us provide the most adequate
insight into the actual nature of liquid state in-
teraction (at small overheating above the
liquidus line). The advantage of our method con-
sists in that with the availability of our reliable
experimental data on phase equilibria, it always
allows obtaining component activities, close to
those found by accurate experimental methods.

We calculated Gibbs mixing energy from the
obtained component activities (Figure 4).

As one would expect, it is characterized by
small absolute values. Nonetheless, at addition
of alkali-earth metal oxides and fluorides, a
strong interaction of the latter both with SiO2
and with Al2O3 can be observed, that follows
from the data for melts of CaO—SiO2(Al2O3)
binary systems [25]. Therefore, the influence of
the considered system on the nature of interaction
in complex multicomponent fluxes can be signifi-
cant.

Thus, presence of strong interaction due to
these factors should be taken into account at
investigation and application of the actual ox-
ide-fluoride melts.

Performed analysis of thermodynamic proper-
ties of Al2O3—SiO2 system melts led to the as-
sumption that addition of thermodynamically
stable chemical compounds based on silicon and
aluminium oxides to multicomponent slag melts,
will allow lowering the oxidizing ability of the
slag melt relative to molten metal, reducing the
alloying element losses in welding and ESR and
preventing the occurrence of silicon-reduction
process in the metal of weld and ingot, which is
undesirable in terms of metallurgy, welding and
ESR of high-strength steels.

To check this assumption, EDS method was
used to study oxygen activities in melts of ag-
glomerated fluxes of MgO—Al2O3—SiO2—CaF3—

TiO2 system. Slags had approximately the same
composition and differed just by the method of
addition of silicon and aluminium oxides to ag-
glomerated flux charge. In one case alumina and
quartz sand were added, and in the second case
this was disthen-sillimanite concentrate, in
which these oxides are bound in Al2SiO5 complex
compound. 

Figure 5 shows the dependence of oxygen ac-
tivity in slag melts on these components content
in slag melt charge. It is established that addition
of alumina and quartz sand leads to increase of
oxygen activity in the slag melt. At their replace-
ment by disthen-sillimanite concentrate oxygen
activity in the slag melt drops noticeably. This
is attributable to high thermal stability and in-
significant dissociation of Al2SiO5 compound and
to melt dilution by an inert substance.

We also determined [Si], [Mn] content in the
deposited metal in submerged-arc welding with
fluxes based on disthen-sillimanite concentrate
(701), as well as those based on quartz sand and
alumina (705) (Figure 6).

Figure 6 shows that replacement of quartz
sand and alumina by thermodynamically stable
disthen-sillimanite concentrate leads to lowering
of manganese losses in the weld metal, and es-

Figure 5. Dependence of oxygen activity in slag melt of
MgO—Al2O3—SiO2—TiO2 system on the content of quartz
sand (1), alumina (2) and disthen-sillimanite concentrate
Al2SiO5 (3) in agglomerated flux charge

Figure 6. Content of silicon (a) and manganese (b) in the deposited metal in submerged-arc welding using fluxes based
on disthen-sillimanite concentrate (701), as well as those based on quartz sand and alumina (705), with application of
Sv-08G1NMA wire
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sential prevention of running of silicon-reduction
process.

Thus, the attractiveness of disthen-sillimanite
concentrate application in manufacture of ag-
glomerated welding fluxes is obvious.

Conclusions

1. Performed analysis of published data on phase
equilibria and thermodynamic properties of
Al2O3—SiO2 system alloys revealed that the con-
stitutional diagram is correct, and component ac-
tivities of these alloys are characterized by large
scatter.

2. Coordinates of liquidus line of Al2O3—SiO2
system constitutional diagram, determined by
different authors, were used to calculate aAl2O3
activities at 0.7 < xAl2O3

 < 1. It is established
that they start manifesting small negative devia-
tions from ideal solutions in eutectic melt
(xAl2O3

 = 0.74).
3. Proceeding from aAl2O3

 values, calculated
by us, integration of Gibbs—Dugem equation was
used to evaluate silicon oxide activities. It is es-
tablished that they demonstrate slight negative
deviations from ideal solutions.

4. Influence of Al2O3—SiO2 system melts on
the nature of interaction in multicomponent so-
lutions can be significant.

5. Addition of thermally-stable chemical com-
pounds (for instance, sillimanite) to multicom-
ponent slag melts leads to lowering of their oxi-
dizing ability. Replacement of quartz sand and
alumina by disthen-sillimanite concentrate in ag-
glomerated flux charge leads to lowering of ther-
modynamic activity of oxygen in the slag melt,
slows down the silicon-reduction process and re-
duces manganese losses in welding.
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