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Abstract: The main objective of this work is to research complex physical-chemical processes of Al(1)—SiO, interface
and develop a new technology for producing foundry silumins based on amorphous microsilica obtained from silicon
production waste. Effective methods for producing hypoeutectic, eutectic, and hypereutectic silumins using amorphous
microsilica were developed. Alloys with a silicon content of 7 wt.% were obtained by blowing preheated amorphous
microsilica into the aluminum melt (=900 °C) along with the stream of argon followed by intense mixing. Alloys with
a silicon content of 21 wt.% were manufactured by induction melting of a silicon-containing mixture (60% SiO,,
40%Al + 20%3NaF-2AlF;) subjected to the presintering when the amorphous microsilica was reduced to crystalline
silicon. It is found that crystalline silicon, which is formed during the roasting of the tableted burden, is smoothly
absorbed by the aluminum melt. Aluminum oxide, obtained during the redox reaction, dissolves in cryolite, after which
aluminum and silicon are fused together and transferred to the melt. The calculation of the economic efficiency of
producing silumins using amorphous microsilica demonstrates a quick project payback period, as well as a high level of

its profitability.
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1 Introduction

The development of the metallurgical industry
depends on the profitability of products and the
possibilities of efficient use of material and energy
resources. One of the main tasks in aluminum and
its alloys production is to reduce the cost of finished
products, mainly due to lower energy consumption
and the involvement of previously unused
coproducts or waste [1,2].

The most marketable product on the aluminum
consumer market is aluminum casting alloys. They
allow to manufacture products with properties that
fully comply the needs of final consumer [2].
Silumins are the most common aluminium casting
alloys. They represent a group of aluminium alloys

with the main alloying element being silicon. The
demand for silumins is provided by a unique
combination of their basic properties: low density,
high fluidity, relatively low shrinkage, low tendency
to formation of stresses and cracks, high strength
properties, wear resistance and heat resistance [3,4].

Foundry silumins can be produced by electro-
thermic, metallothermic, and electrolytic methods,
as well as by dissolution of crystalline silicon in the
aluminium melt [5—8]. The first three methods are
one-stage (i.e., silumins are produced by using
silica as a raw material in ore-thermal furnaces or
reduction cells); however, due to the high power
consumption for their implementation, difficulty of
producing alloys with a given composition, as well
as a possibility of alloy contamination by impurities
and nonmetallic inclusions, these methods have not
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wide industrial applications [9,10].

Today, the main silumin ingot production
method is crystalline silicon dissolution in the
aluminium melt in aluminium smelters. The main
advantage of this method is its high performance
and the ability to produce alloys with the specified
silicon content. However, this method has some
significant disadvantages: high metal waste due to
burning loss, low absorption of silicon fines (less
than 5—6 mm), and high power consumption.

In the conditions when aluminum and silicon
industries are located in close proximity, a method
of producing silumin using 30% or 50% Al-Si
liquid alloy can also be employed. The method
consists of pouring molten silicon into a vacuum
ladle which contains aluminum melt. Despite high
quality alloys are produced, the method is usually
associated with logistical difficulties. Thus, the
production of the Al-Si system alloys under the
existing layout assumes the presence of two
metallurgical products: primary aluminium and
crystalline silicon, which entails high economic cost
and power consumption. At the same time, silicon
production generates wastes, namely, the dust of the
gas treatment systems of the electrothermic
furnaces, consisting of (85—95) wt.% of micro- and
nanoparticles of amorphous silicon dioxide. The
dust yield of the silicon production ranges from 300
to 1000 kg relative to 1 t of commodity silicon.

Currently, most of metallurgical production
facilities have accumulated the obtained microsilica
in the slurry fields. This raises substantial economic
losses, firstly, due to the costs of waste storage and
burial, and, secondly, with lost profits from their
industrial applications. The use of silicon dust as a
source of silicon may improve efficiency of the
silumin production process by partial exclusion
of the energy-intensive metallurgical silicon
production stage.

The price of crystalline silicon, depending on
the brand, varies from 2000 to 2500 US$/t. Dust
emitted from the gas systems involved in the
cleaning of electrothermal furnaces can be used in
the production of silumin, as it is associated with
very low cost and increased energy efficiency
which leads to a significant economic effect can be
achieved. Moreover, recycling and use of silicon
dust wastes should be seen as an important way
of saving material resources and increasing
environmental safety of the adjacent territories [5].

In excess of described methods and patents
designed to obtain silumin, there seems to exist no
technologies that can be practically applied in
manufacturing sector [4—13]. Hence, the purpose of
this work is to research a complex of physical—
chemical processes of Al(1)-SiO, interface and
develop a technology for producing low-
temperature silumin (in accordance with GOST
1583—93) based on the amorphous microsilica
obtained from the silicon waste production.

2 Experimental

The calculation of the thermodynamic
probability of silicon reduction by aluminum from
amorphous microsilica, as well as calculations of
the stability of chemical compounds formed during
the interaction of silicon oxide with technical
aluminum impurities, was carried out over a wide
temperature range based on data about the basic
physicochemical parameters (standard enthalpy of
formation and Gibbs free energy), as well as using
the programs “PANDAT”, “CHS Chemistry 5” and
“SELECTOR”. Since the
thermodynamic function standard values for a
number of the considered chemical compounds did
not exist (in the literature and used software) or did
not correlate with each other, well-known and
adapted methods of approximate calculations were
used [14—-16].

Commercial purity aluminum with the
following contents of the main impurities (wt.%:
0.10 Si, 0.112 Fe, 0.02 Mg, 0.023 Mn, 0.015 Cu,
0.031 Zn, 0.001 Ga, 0.001 Ti, 0.001 V) was used as
the base metal for the laboratory research on
silumin production with application of amorphous
silica.

Amorphous microsilica was obtained from
various parts of the gas cleaning system of JSC
“silicon” (Shelekhov, Irkutsk Region, Russia): at
the entrance to the gas removal system, after the
cyclones at the entrance to the gas cleaning unit,
and after application of the gas cleaning system.
The chemical composition of the used dust is
presented in Table 1.

If the obtained dust contained a high content of
carbon and other impurity elements, the flotation
was used to enrich it. Flotation of micro- and
nanosized particles of SiO, was carried out in a
laminar flow of pulp (with the least number of

initial data on
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elementary flotation cycles) using a pneumo-
hydraulic aerator [17,18]. Pine oil (100 mg/L*) was
used as a foaming agent. Microsilica particles were
concentrated in the flotation tail. The resulting
suspension was coagulated and flocculated, and the
resulting product consisted of 94.7% SiO, particles.

Table 1 Chemical composition of silicon production gas
cleaning system dust after flotation enrichment (wt.%)

Si0;  Cgee ALO; FeO3 CaO MgO  Na,O
947 305 07 025 038 026 0.14
BaO P,0s K,O SO, TiO, SrO
0.02 0.1 035 0.023 0.016 0.011

The introduction of silica into molten
aluminum was accomplished by different methods.

(1) To the melt surface.

(2) To the bottom of the crucible followed by
melt pouring.

(3) Using a mechanical bolder (in a bell).

(4) By portions into a funnel formed with melt
continuous stirring.

(5) In the form of master alloy as pressed
tablets of the composition aluminum powder: SiO,.

(6) Placing particles in melt in a semiliquid
condition.

(7) By blowing SiO, particles as well as the
stream of argon into the melt.

(8) Induction melting of the previously
prepared mixture (60%Si0,—40%A1-20%3NaF-
2AlF;) under a layer of cryolite.

There are several factors that complicate
silumin production with the use of amorphous
microsilica by its simple introduction in the
aluminium melt.

(1) Low contact area of the microsilica powder
with aluminum melt.

(2) Presence of gas films on the surface of the

microsilica  particles,  preventing  effective
interaction at the interface of the liquid and solid
phases.

(3) Presence of (40—50) vol.% of air in the
powder, reducing its density, heat capacity, and
thermal conductivity.

(4) Presence of a developed surface and high
surface energy in microsilica particles.

In this regard, four methods were characterized
by low efficiency, since their implementation failed
to maintain the constant contact in the Al(1)-SiO,

system as well as the transformation of silicon to
aluminum melt.

The wuse of preformed ligatures
reduction of silicon; however, the process occurs
directly in the contact zone of the melt with the
surface of the tablet as well as in the tablet volume
(upon the interaction of aluminum powder particles
and microsilica) [2]. The introduction of microsilica
into the solid—liquid melt allows to obtain alloys
with a silicon content exceeding 3 wt.%, as the
aluminum melt in solid—liquid state is characterized
by high viscosity which, in turn, facilitates the
mixing in of dispersed particles [15,16]. The
greatest efficiency was demonstrated by the
methods of injecting silicon dioxide into an
aluminum melt in the argon flow, as well as
induction melting of a previously prepared
silica-containing mixture. Silica injection into an
aluminum melt was carried out in the laboratory
setup shown in Fig. 1.

1000 g aluminium was placed in the crucible
made of boronsiliconized graphite. The heat took
place in top-charging muffle shaft furnace. The
metal was heated to a temperature of 900 °C,
melted, and then amorphous microsilica (previously
subjected to heat treatment inside a heated bin) was
introduced in the metal together with the inert gas
stream. In connection with low wettability of
microsilica particle, its introduction into the
aluminum melt was performed with the excess
when compared with the stoichiometric ratio. For
example, in order to fabricate the hypoeutectic
alloy, 200 g SiO, was introduced into the melt
(against 137 g (6% Si) and 161 g (7% Si), necessary
according to stoichiometry). Figure 2 presents the
SEM image of microsilica particles with a spherical
shape. It is seen that the size of SiO, particles varies
within a wide range (from 100 nm to 5 pm).

To improve wettability of the microsilica
particles and prevent formation of agglomerates,
before introduction into the aluminium melt,
they were subjected to the heat treatment at a
temperature of 200—300 °C. Likewise to solve the
wettability problem the melt was alloyed with
magnesium. Magnesium was introduced into the
melt in the form of MG-90 magnesium alloy. The
use of magnesium in the silumin production process
was conditioned by the fact that it can act as a
surface-active additive in the melt for removal of

ensurcs
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Fig. 1 Scheme (a) and photo (b) of laboratory setup for
producing casting silumins: 1—Vessel filled with argon;
2—Heated bunker filled with microsilica; 3—Laboratory
stirrer; 4—Hollow steel rod with impeller; 5—Tempered
glass (d10 mm); 6—Crucible (borosilicated graphite);
7—Thermocouple; 8 —Aluminum melt; 9—Induction
melting furnace [PP—5C

Fig. 2 SEM image of SiO, particles

oxygen from the surface of dispersed particles,
decline of the surface tension of the molten
aluminium and reduction of the energy of
interfacial interaction between the solid and liquid
phases [8,11-13].

To increase the transition degree of silicon into
the aluminum melt, the technology of producing
silumins using a previously prepared mixture
consisting of silicon dioxide, aluminum powder,
and cryolite was tested. The purpose of the
preliminary preparation of the mixture was the
reduction of amorphous microsilica to crystalline
silicon. The procedure was performed sequentially
in several stages:

(1) Preparation of the mixture consisting of
silicon dioxide, aluminum powder (or aluminum
chips) and low-modular cryolite in the ratio:
60%Si0,-40%A1-20%3NaF-2AlF;. The ratio in
the mixture of silicon dioxide and powdered
aluminum is defined in accordance with the
stoichiometric calculation 3SiO, (180 g/mol) +
4A1 (108 g/mol) — 2A1,0; (204 g/mol) + 3Si
(84 g/mol). Cryolite is essential to the mixture as it
creates an atmosphere of reducing roasting and
shifting the reaction equilibrium towards the
formation of the end products.

(2) Pressing the mixture into a tablet (with a
force of 100 kN).

(3) Tablet burning at the temperature of
800 °C for 30 min.

(4) Grinding the sintered material (using
planetary ball mill RM 100) to a fraction of
100 um, which ensures the maximum contact
degree in the Al-Si system.

Upon the completion of the preparatory
operations, the containing silica in
crystalline form was loaded into a crucible of
borosilicate graphite. Solid aluminum was placed in
the crucible, filled with a layer of cryolite (5 cm),
corrected with aluminum fluoride to reach the
melting point (=800 °C). The melting was carried
out in the induction furnace in the temperature
range of 850—900 °C. After the metal was melted, it
was intensively mixed mechanically for 5 min. To
remove the by-products of the reduction reaction
between silicon and aluminum, as well as
non-metallic inclusions, gases and oxide films,
metal was treated with the covering-refining flux
before metal casting.

Si0, particles were mixed in the melt using
IKA EUROSTAR 200 Control P4 laboratory
mixer (Germany) with a rotation speed range of
0-530 r/min. The silicon contents in the metal
before and after the experiments were determined
using optical emission spectrometer with the

mixture



1410 M. P. KUZ'MIN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1406—1418

spectrum spark excitation source SPECTROLAB
manufactured by SPECTRO Analytical Instruments
(Germany). To study the phase composition of the
impurities included in the composition of the tested
samples, the X-ray diffractometry was used with
application of X-ray diffractometer XRD—-7000
manufactured by Shimadzu. The metal samples
were studied in the 26 range from 10° to 70°.

The microstructure of the samples was studied
using scanning electron microscope JIB—4500
multibeam manufactured by JEOL, equipped with
energy-dispersive detector X—Max manufactured by
Oxford Instruments. The microstructure of the
samples was studied in the modes of secondary and
back-scattered electrons.

For the thorough analysis of the microstructure
of the obtained silumin samples, metallographic
examinations were carried out using an Olympus
GX-51 inverted optical microscope (Japan). The
macrostructure of the samples was studied using
stereoscopic microscope SZX 16 manufactured by
Olympus (Japan). Quantitative analysis of the
parameters of macrostructure was performed using
an image analyzer SIAMS 700 by SIAMS Ltd.
(Russian).

3 Results and discussion

The study of the possibility for silumin
production by introduction of SiO, particles in the
aluminium melt is impossible without a preliminary
thermodynamic analysis. We determined the
thermodynamic possibility for proceeding the
process of silicon reduction by aluminium from
amorphous silica (4Al+3Si0,=2A1,05+3Si) in the
temperature range between 298 and 1600 K. The
values of Gibbs free energy in the investigated
temperature range were calculated with a step of
100 K. The calculations were carried out upon
considering polymorphic transformations of silica
(quartz — tridymite — cristobalite) in accordance
with the existing data [10,19,20].

It was found that Gibbs free energies have
negative values throughout the investigated
temperature range (Fig. 3(a)).

AG-T curve shifts to the region of less
negative values with temperature rise. This shows,
firstly, a possibility of amorphous silica reduction at
the temperatures above the aluminium melting
temperature, and, secondly, the reduced intensity of

this process proceeding at subsequent higher
temperatures. It was also discovered that
polymorphic transformations of silica, which occur
at the temperatures of 1143 and 1543 K, do not
affect the smoothness of the AG—T curve.

In our opinion, the reduction of silicon by
aluminum in a temperature range of 690—900 °C
occurs due to the simultaneous run of the following
two processes in the surface layer of the Al(1)—SiO,
system.

(1) Separation of SiO, from the surface of
microspheres and its transfer into the aluminum
melt with the subsequent dissolution. The authors
of Refs. [21-23] considered the dissolution
mechanism and kinetics of quartz sand in the
aluminum melt. In the case with microsilica, this
process can be substantially accelerated due to its
amorphous state and particle sizes.

(2) The run of the main chemical reaction of
reduction of silicon by aluminum (3SiO, + 4Al =
2Al1,05 + 3Si) and side reactions (the interaction of
aluminum and microsilica with impurities and
alloying additives).

It should be noted that the dissolution of
refractory materials in low-melting ones is
widespread in the practice of metallurgical
production. The closest example is the dissolution
of solid crystalline silicon (#,=1414°C) in
aluminum in the course of the industrial production
of silumins (the melt temperature does not exceed
750 °C).

To determine the effect of alloying additives
and impurities contained in technical aluminum
and silicon dust on the process of silicon reduction,
the analysis of physicochemical parameters
characterizing the thermodynamic stability of the
compounds formed in a wide temperature range
was employed as the main research method. Among
the chemical compounds formed in the Al-SiO,
system, ALO;, Al4C;, SiC, Mg,Si, and MgO were
proved to be of the utmost interest with regard to
their impact on the interfacial interaction process in
the system.

The calculations were carried out within
a wide range of temperatures. The standard
temperature of 298 K was picked as the initial one
while the maximum melting point of the chemical
compound (~2000—3000 K) was to be the final one.
Al4C; and SiC were chosen as silicon production
dust in its initial state containing up to 25 wt.% of C
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Fig. 3 Changes of Gibbs free energy of different compounds: (a) SiO,; (b) ALOs; (¢) Al4Cs; (d) Mg,Si; (e) SiC; (f) MgO

and after flotation treatment up to 3 wt.% C. The
formation of magnesium compounds (Mg,Si, MgO)
was studied as magnesium was used as a surfactant
to increase wettability in the AIl(1)—SiO, system
during the experimental research.

According to the calculations, the Gibbs free
energies in all compounds have negative values
in the studied temperature ranges under study
(Figs. 3(b—f)). This phenomenon suggests that
during the production of silumins using amorphous
microsilica as a source of silicon in the temperature
range of 690—-900 °C, additional refining of the
aluminum melt with the use of fluxes is deemed
necessary. The stability of the MgO chemical

compound indicates the possibility of using
magnesium as a surface-active additive that helps to
remove oxygen from the surface of the dispersed
particles and reduce silicon from silicon dioxide,
along with aluminum.

3.1 Characterization of silumins prepared by
blowing amorphous silica into aluminum
melt in argon stream
The alloy samples obtained in the course of

experimental studies were examined by optical

emission spectroscopy, scanning electron spectro-
scopy, optical microscopy, as well as by X-ray
diffractometry.
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The results of optical emission spectroscopy
demonstrate that in the resulting alloy compared to
the original aluminum, the silicon content increased
from 0.123 wt.% to 6.955 wt.% (Table 2).

Table 2 Contents of impurities in original aluminum and
resulting alloy prepared by blowing amorphous silica
into aluminum melt in argon stream

Content of impurities/wt.%

Sample
Si Fe Mg Mn Zn
Original 103 0112 0,020 0,023 0.031
aluminum

Resulting alloy 6.955 0.338 0.020 0.027 0.031

Content of impurities/wt.%

Sample
Cu Ga Ti A%
Original
. 0.015 0.001 0.001 0.001
aluminum

Resulting alloy 0.015 0.001 0.001 0.001

The XRD pattern of the sample belonging to
the produced alloy exhibits the peaks corresponding
to aluminium, silicon, and SiO, (Fig. 4).

The peaks corresponding to the metallic
aluminium (26=44.7°, 65.2°) and crystalline silicon
(26=26.3°, 38.9°, 48.3°, 57.1°) possess the highest
intensity. The peaks belonging to silicon dioxide are
present in the 26 range from 20° to 30°. Their weak
intensity is due to predominance of silicon in the
crystalline form in the structure of the produced
alloy.

The microstructure studies of the original
aluminum and the resulting alloy
confirmed the increase in the silicon content in the
resulting alloy.

The energy-dispersive detector of the
microscope during scanning of the electron beam
made it possible to record the intensity of the
characteristic X-ray lines of the elements and,
consequently, to receive their two-dimensional map
of distribution. The distribution maps for the basic
elements Al and Si are presented in Fig. 5.

The distribution map for silicon of the
produced alloy sample clearly shows presence of
silicon

samples

inclusions at the aluminium grain
boundaries (Fig. 5(d)), which are virtually absent in
the original metal (Fig. 5(b)). This confirms the
results obtained during spectral analysis of the

samples.

A a— Al

o—Si

o B
o —Si0,

o ¢ oo
A
20 25 30 35
20/(°)

10 20 30 40 50 60 70
200(°)

Fig. 4 XRD pattern of alloy prepared by blowing
amorphous silica into aluminum melt in argon stream in
26 range of 10°-70°

The produced alloy microstructure corresponds
to the hypoeutectic silumins and consists of
dendrites of a solid solution of silicon in
aluminium (a(Al)) and eutectic a(Al)+Si, located in
the interdendritic space (Fig. 6(b)). In the analysis
of alloy microstructure no iron-containing phases
were detected. It is possible to observe a cross-
section (macrograph) of the produced ingot in
Fig. 6(a). It should be noted that the ingot
microstructure and macrostructure are characterized
by availability of a scattered porosity, the
occurrence of which is due to the presence of
Si0O, particles, which have not started interacting
with aluminium, in the volume of the crystallized
metal.

Despite the development of a scattered
porosity in the casting (density index of 4.9%), the
conducted research showed the possibility and the
prospects of silumin production with use of
amorphous silica as the silicon source. A
preliminary thermal treatment of amorphous silica
had a decisive influence on the intensity of
interaction in Al(1)—SiO, system; it allowed removal
of gas films from the surface of the particles,
as a result, to reduce the surface tension of the
melt, as well as to reduce the energy of interfacial
interaction between the solid and liquid phases.
Acceleration of the process of silicon reduction
from its oxide was realized by introduction of silica
particles together with a stream of argon and their
subsequent vigorous stirring.
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Fig. 5 Distribution maps for aluminum (a, c) and silicon (b, d) of original aluminum (a, b) and resulting alloy (c, d)

samples

(@)

a(\Al)+Si

(b)

Fig. 6 Macrostructure (a) and microstructure (b) of resulting alloy (Area 1 has exponential microstructure; Areas 2 and

3 have diffusive porosity)

3.2 Characterization of silumins prepared by
induction melting of previously prepared
silica-containing mixture
The studies demonstrated that upon injecting

amorphous silica into aluminum melt in the argon

stream, only can hypoeutectic alloys be obtained.

Such a phenomenon can be explained by physical

properties of the silica (amorphous structure,

particle size, density) and the technological design
of the process (cooling of the melt temperature

during its long purging with argon). Further, it
was discovered that to obtain eutectic and hyper-
eutectic silumins, preliminary preparation of the
silicon-containing mixture, including pressing it
(60%Si10,—40%A1-20%3NaF-2AlF;) into tablets,
subjecting it to the heat-treatment (=800 °C), and
the subsequent grinding of the sintered mass to a
fraction of 100 pm is required.

The sintering temperature is determined to
create conditions for the solid phase interaction.
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The grinding of the sintered mass is supposed to
increase the area of its contact with the aluminum
melt. As a result of sintering of the silica-containing
mixture, practically all of its microsilica (more than
95 wt.%) is reduced to crystalline silicon. The XRD
pattern of the sintered silica-containing mixture
exhibits the absence of the peaks corresponding to
silicon dioxide (Fig. 7).

L L

100 20 30 40 50 60 70
26/(%)

Fig. 7 XRD pattern of sintered silica-containing mixture

The peaks corresponding to crystalline silicon
(26=28.3°, 34.9°, 43.6°, 57.1°) and aluminum oxide
(26=25.4°, 53.2°, 57.3°, 66.2°, 67.8°) possess the
highest intensity. Also, the XRD pattern exhibits the
peaks corresponding to aluminum and two
individual crystalline phases of the NaF—AIF;
system (cryolite and chiolite).

The density of the resulting mixture is
1.4-1.6 g/em’. This value does not exceed the
density of the molten low-modulus cryolite, which
makes it possible to create a mechanical mixture of
these components. In the cryolite environment,
aluminum oxide is dissolved, and aluminum and
silicon are melted. For the completion of the
process, the optimum content of Al,O; in cryolite
amounting to (10—11) wt.% was ensured [9,24,25].

Crystalline silicon formed during tablet
burning (as a result of reactions in solid phases) is
smoothly absorbed by the aluminum melt.

Aluminum oxide, obtained as a result of oxidation—
reduction reaction, is dissolved in cryolite. It is
found that the content of alumina in cryolite
(19.7 wt.%) provides the presence of an equilibrium
system with a eutectic temperature of 962 °C and its
complete dissolution. After that, aluminum and
silicon are melted.

The dissolution of alumina in cryolite can be
explained by the exchange of F~ and O* ions
between the anions of AIF;” of molten cryolite
and the alumina lattice. The cryolite AI’* cations
characterized by the strong field, pull the O*~ out of
the alumina lattice. The exchange causes the
breakage of the alumina crystal lattice which, in
turn, leads to the dissolution of the alumina. Thus,
aluminum cations Al’", i.e., the components of
the cryolitic complexes AlF;” and AIF, serve as
“solvents” of alumina in cryolite.

In the experimental research, a crucible made
of borosilicated graphite was loaded with 780 g of
the mixture (30% crystalline silicon, 50%
aluminum oxide, and 20% cryolite), 1000 g of A7
grade aluminum, and 500 g of cryolite. As a result
of experimental melting, a hypereutectic alloy was
obtained (m=1340g) with the silicon content
exceeding 20 wt.%. That was confirmed by the
results of optical emission spectroscopy (Table 3).

The results demonstrated that practically all
crystalline silicon and aluminum that were in the
mixture, turned into the melt. The use of a
laboratory stirrer with a steel impeller can be
accounted for the increase in the iron content in the
resulting alloy. To reduce the iron content in the
alloy and prevent the reduction of the complex of
mechanical and casting properties, the steel
impeller can be replaced with titanium one, and
mixing can be carried out by an electromagnetic
method. Cryolite from smelting was discharged
separately for further recycling. Thus, the
possibility of almost complete absorption of silicon
from the composition of amorphous silicon
dioxide in an aluminum melt, and the production of

Table 3 Contents of impurities in original aluminum and resulting alloy prepared by induction melting of previously

prepared silica-containing mixture

Content of impurities/wt.%

Sample
Si Fe Mg Zn Cu Ga Ti \'%
Original aluminium  0.123 0.112 0.004 0.023 0.011 0.008 0.001 0.007 0.005
Resulting alloy 20.107 3.055 0.004 0.073 0.011 0.008 0.001 0.007 0.005
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hypoeutectic  and  hypereutectic ~ silumins,
corresponding to GOST 1583 — 93 were
experimentally proved.

The XRD pattern of the produced alloy
exhibits the peaks corresponding to aluminium,
silicon, and intermetallic compounds based on iron

(Fig. 8).

a—Al
o —Si
o — f-FeSiAl;

10 20 30 40 50 60 70
200(°)
Fig. 8 XRD pattern of alloy prepared by induction
melting of previously prepared silica-containing mixture
in 26 range of 10°—70°

The peaks corresponding to metallic
aluminium (26=26.3°, 28.1°, 32.4°, 38.5°, 57.9°,
68.1°) and crystalline silicon (26=35.2°, 44.7°,
47.3°, 56.2°) possess the highest intensity. Due to
the high degree doping of the alloy, peaks of the
iron-containing phase f-FeSiAls (26=41.8°, 45.9°,
50.7°, 65.8°) are shown on the diffractogram: all in
accordance with the existing data [26—38].

The reduction of silicon from its oxide in a
mixture with aluminum and cryolite, along with a
direct aluminothermic reaction, can also occur
during its interaction with aluminum fluoride by the
reaction of 3Si0,+2(3NaF-2AlF;)=—3SiF,+2A1,0;+
6NaF followed by reduction of silicon from SiF,
and Al: 3SiF;+4A1=—4AI1F;+3Si [20,32,39—44]. In
this case, part of the silicon can be lost due to the
release of silicon tetrafluoride in the gas phase.
However, in our case, based on the data of XRD
analysis, it is found that the bulk silicon goes into
the melt. Emission to the gas phase is insignificant
and does not exceed the established MPC values
(0.5 mg/m’).

Optical electron microscopy of the obtained
alloy confirms that the microstructure of the
obtained alloy corresponds to hypereutectic silumin

(Fig. 9).

The macrostructure of the resulting alloy is
homogeneous and demonstrates the absence of gas
porosity in the mold (density of 2.3%). The sample
structure is fine-grained with average grain size of
0.85 mm. Microstructure consists of the following
components: crystals of the primary silicon in the
form of faceted plates (average size of 10 pum);
eutectic silicon crystals; fine equiaxed particles of
the secondary silicon (size of up to 1 um); large
inclusions of iron-containing phases p-FeSiAls,
which are complex 3D plate structures (insert in
Fig. 9(¢c)) and on the polished 2D specimen having
the form of plates with 1-8 pm in thickness and
10—50 pm in length. Second-order dendritic cells in
the silumin structure are not present due to the high
iron content.

(2)

Fig. 9 Appearance (a), macrostructure (b) and micro-
structure (c¢) of obtained hypereutectic Al-Si alloy:
1—Primary silicon crystals; 2—Eutectic silicon crystals;
3 — Secondary silicon crystals; 4 — Iron-containing
phases

3.3 Economic efficiency of proposed methods

In this study, the economic efficiency of the
industrial implementation of the developed methods
for producing foundry silumins was also calculated.

During the calculation, the sales of the alloy
were taken equal to 15x10° US$ (8036 t/year). The
average price of crystalline silicon is 2250 US$/t.
The price of microsilica is 25 US$/t, but since the
silicon content in microsilica is about 50%, 25 must
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be multiplied by two. In this regard, the cost of
silicon, which is a part of SiO, will be 50 US$/t.
Thus, the price difference for crystalline silicon and
microsilica is 2200 USS$.

The potential additional profit (P) (not taking
into consideration the costs of technologies
organizing) per one ton of 7 wt.% Si alloy will be

P=2200%0.07=154 USS$.

Taking into consideration the planned volume
of aluminum alloys production, the annual potential
profit (not taking into consideration the costs
of technologies organizing) when using new
technologies for producing silumins will be

P=154x8036=1237544 USS.

Estimated costs for the development and
implementation of each technology for producing
(project documentation development;
manufacturing of a device for feeding and
introducing SiO; into an aluminum melt; materials
and equipment for devices; construction and
erection, balancing and commissioning work) will
be 443478 USS.

Since in the case of using microsilica, silicon
1s in a bound state, the cost of silicon reduction
process by aluminum was determined. The cost of
this process is 52 USS$/t and includes such
components as material (components:
replaceable rotors made of borosilicate graphite,
blades for removing slag, and thermocouples;
auxiliary materials: fluxes, and electricity), labor
costs, social costs, depreciation of fixed assets and
other expenses (expenses for the removal of Al,O4
and its secondary processing in cell, repair and
maintenance of equipment, training and education
of personnel).

Additional profit is defined as the difference
between the sales proceeds of the alloy obtained by
traditional and new technologies, and is 102 US$/t.
Thus, taking into consideration the total volume of
alloy production (by 15x10° US$), the additional
profit will be

P=102x8036 = 819672 USS.

silumins

costs

Based on the amount of capital costs and
profits obtained during the implementation of the
project, it is possible to calculate its payback period
(Pp):

Pp=443478/819672=0.54 (=0.5 year).

Thus, in the case of industrial implementation
of technologies for producing silumins using
amorphous microsilica, they will have a quick
payback and will increase the economic efficiency
of foundry.

4 Conclusions

(1) The calculations of Gibbs energy of the
silicon reduction process by aluminium from its
oxide (7=298-1600 K), allowed to establish a
possibility of producing alloys of the Al-Si system
using microsilica.

(2) In the course of determining the influence
of alloying additives and impurities on the
reduction of silicon, it was demonstrated that
magnesium can be used as a surfactant to remove
oxygen from the surface of dispersed particles and
to reduce silicon from the oxide.

(3) The experimental studies demonstrated the
prospects for production of hypoeutectic alloys by
introducing the amorphous silica together with
argon stream into the aluminium melt (=900 °C).
The necessary assimilation degree of SiO, particles
by the molten aluminium was achieved due to their
pre-heat treatment.

(4) Effective method was proposed for
obtaining branded alloys (preeuthectic, eutectic
and hypereutectic) by induction melting of a
silica-containing mixture, during the preliminary
sintering of which amorphous microsilica was
reduced to crystalline silicon. The method allowed
to obtain silumins corresponding to GOST 1583—
93, with a silicon content of 20.1 wt.%.

(5) The calculation of the economic efficiency
of producing silumins using amorphous microsilica
demonstrated a quick project payback period (0.5
year), as well as a high level of its profitability
(819672 USS).
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