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PROCESSING OF ALUMINUM SLAG
WITH THE USE OF SODA

Introduction. It is known that light aluminum scrap and waste from aluminum production are difficult to melt
effectively because aluminum is oxidized very easily.

Problem Statement. The technology for obtaining aluminum by reducing foundry slags allows a significant
decrease in the amount of waste and a reduction in the cost of electricity for the production of castings.

Purpose. The purpose is to develop theoretical and technological framework for processing aluminum waste
and obtaining high-quality product from it.

Material and Methods. 300 g foundry slag is taken to determine the yield of aluminum from melting in an
induction furnace. The reagent (caustic soda 2.0% by mass of slag) is calcined at a temperature of 250 °C for 1 hour
to remove moisture and organic impurities. The slag is placed in an alund crucible and heated, with soda added at
700 °C. After that, liquid aluminum is poured into a mold and after crystallization it is weighed on analytical ba-
lances. Samples for chemical and spectral analyzes of aluminum are taken in accordance with GOST 7565-81.
The structural transformations and phase transitions during heating and cooling of aluminum samples have been
studied by differential scanning calorimetry (STA 449F1 Jupiter synchronous thermal analyzer by NETZSCH).

Results. At the level of a hypothesis, a mechanism of the metallurgical slag processing, which is based on the
change in the valence of aluminum from (III) to (I) and vice versa, depending on the reaction temperature has
been proposed. The regularities of the yield during the processing of low-grade aluminum-containing slags have
been established. It has been shown that with the intensification of heat exchange processes, the range of optimal
parameters decreases, while the yield increases. The phase transitions of aluminum samples obtained during the
processing of foundry aluminum slag have been studied. It has been proven that this method of processing allows
obtaining aluminum of a relatively high purity.

Conclusions. The results of the research can be used to improve the technology for obtaining secondary alu-
minum from aluminum production waste.
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A significant increase in the use of aluminum
products leads to the accumulation of waste that
is used for the production of secondary aluminum
alloys. As compared with primary metal, their
production costs are much lower. The slags and
chips, which are formed in the process of casting
and processing of aluminum alloys, are processed
at specialized enterprises. Foundry aluminum
slag is formed in the surface layer and is a mix of
foam that contains the products of the interac-
tion of aluminum with air components. The slag
is removed before entering the melt. According
to various data, the content of pure metal (or al-
loy) in it is within 7—10% wt. metallic aluminum,
70—75% wt. aluminum oxide and various impuri-
ties. This type of slag is processed at non-ferrous
metallurgy enterprises. The process mainly con-
sists of the following stages: a) crushing of slag;
b) fractional division of slag; ¢) water leaching of
crushed slag; d) filtering of the solution in order
to separate the salt solution and the solid residue;
e) evaporation of a solid solution; g) drying;
h) incineration of solid residue.

As mentioned above, light aluminum scrap is
difficult to melt efficiently because it is oxidized
very easily. In this regard, one of the most com-
mon technologies for processing aluminum waste
is a process related to the protection of aluminum
scrap from oxidation, for example, through im-
mersing the crushed mix in molten aluminum.
The methods and devices for implementing this
technology of aluminum waste processing have
been presented in [1—11].

To reduce the costs of processing aluminum
slags, a method of pressing them in a hot state im-
mediately after taking them from the mirror of
the melting furnace has been proposed [12]. Ac-
cording to the developed technology, hot slag is
loaded into a mold and pressed under a press. The
extruded aluminum melt flows into a metal mold
and solidifies. Smaller costs are required for pro-
cessing the residue in the form of a pressed crust.
However, the use of this technique only partially
solves the problem of processing aluminum slag
and reducing its share. The method does not al-
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low separating aluminum during the processing
of cold slags.

Aluminum slag is one of the main types of alu-
minum raw materials. Ferroaluminum and ferroalu-
minum silicon can be obtained from poor and waste
aluminum slags. Slags with a low salt content are
first enriched, and then a concentrate containing
about 90% Al is obtained with subsequent remel-
ting. Slags containing about 25% aluminum can
be remelted without preliminary treatment.

Several salt-free slag purification processes
have been known from the literature [14]. It has
been shown that aluminum slag in the process of
primary and secondary processing is formed due
to the interaction of the molten metal with the
furnace atmosphere [15]. The use of salt fluxes in
modern production conditions entails a complex
of similar problems, such as high cost and envi-
ronmental hazards [16, 17]. Salt slags have been a
significant environmental problem since 1995
[18], and in 2021, this problem has become even
more acute. Other disadvantage is the fact that
during melting the salts evaporate, which very
often leads to overgrowth of the furnace lining. In
addition, any salt requires energy for its melting
and costs for purchase and transportation [19].

Furnaces of various designs are used for mel-
ting aluminum scrap, slag, and waste of various
productions. Each of them is more or less suitable
for melting a certain type of raw material. This is
mainly due to the content of impurities, as well as
to the reduction of burnout and the mechaniza-
tion of the main technological operations.

Universal reverberatory furnaces are the most
widely used. Almost any raw material can be mel-
ted in them. They can be of several modifications:
one-, two- or three-chamber one. Two-chamber
furnaces are most often used in industry.

For melting small charges, namely chips, slag,
etc. rotating short-drum furnaces are interesting.
It is a steel lined drum that is mounted on sup-
port rollers. The drum rotation speed is adjustab-
le from one to eight rpm. The lining is stuffed or
lined with a special shaped brick. The furnace is
heated with the use of natural gas or fuel oil.
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Aluminum slag is often processed in a DC elec-
tric slag furnace that has a crucible with the lower
electrode as a cathode and the upper electrode as
an anode [13]. Cryolite (Na,AlF,) and aluminum
oxide are loaded into a crucible and melted, with
subsequent addition of crushed aluminum slag (a
mechanical mix of Al,O, and metallic aluminum)
to the resulting liquid melt (electrolyte) and cry-
olite, in portions, as they melt and dissolve in the
electrolyte. The liquid metal is taken at the bot-
tom of the crucible, in the cathode area, while the
secondary slag in the form of a mix of cryolite and
alumina is taken in the anode area. Therefore, the
use of an electric slag furnace provides melting
and dissolution of aluminum slag at a tempera-
ture in the range from 800 to 2000 °C. However,
a significant disadvantage of this type of furnaces
are their low remelting performance, increased
costs and significant problems associated with air
pollution by gases produced during the melting
of cryolite.

It is known that reducing the amount of slag in
the aluminum melting process is one of the main
tasks of foundries. The maximum extraction of
aluminum from it, which was previously removed
from the melt, and which is outside the furnace, is
another important task. Special drainage devices
for separating aluminum from slag are effective
only in combination with the cooling technology.
The old method for cooling slag is to cool it on
the workshop floor. The advanced methods in-
clude the use of inert gases and special presses.

Table 1. The Quantitative Analysis of Raw Materials

The efficiency of slag cooling depends signifi-
cantly on its activity. For example, slags contain-
ing magnesium are characterized by increased
activity. Another factor is the amount and chemi-
cal composition of the fluxes in it. Without the
use of cooling, its activity increases and the of
slag burning process leads to rapid losses of the
base metal. Very often it turns into oxides.

The technology for obtaining aluminum by re-
ducing foundry slags allows a significant decrease
in the amount of waste and a reduction in the cost
of electricity for the production of castings.

Thus, the research is aimed at developing the
theoretical and technological foundations of pro-
cessing aluminum waste and obtaining high-qua-
lity products from it.

To determine the yield of aluminum, 300 g foun-
dry slag is used per one melting. Melting is carried
out in an induction furnace. Alundum is placed in a
graphite crucible, the bottom between graphite and
alundum is lined with aluminum oxide powder. Af-
ter that, the graphite crucible is insulated from the
outside with kaolin wool and inserted inside a cop-
per induction coil that is cooled by water. The high-
frequency generator VChG-15 serves as source of
high-frequency electric current supplied to the in-
duction coil. The temperature in the crucible before
the beginning of chemical reactions is measured by
a tungsten-rhenium thermocouple BP 5/20. Caus-
tic soda, sodium chloride, and lime in amount of
2.0—2.2% of the slag mass are used as reagents. Slag,
Na,CO,, NaCl, and CaCO, are calcined in a SNOL

No. Al, % wt. ALO,, % wt. | SiO,, % wt. | Fe,O, % wt. | CuO,% wt. | MgO, % wt. | MnO, % wt. ¥ adm., % wt.
1 36.68 57.34 1.81 247 0.23 0.07 0.08 1.32
2 32.48 58.12 5.71 1.82 0.27 0.07 0.09 1.44
3 36.86 57.57 1.82 1.80 0.26 0.05 0.07 1.57
4 35.20 59.11 1.56 2.45 0.11 0.05 0.08 1.43
5 36.58 58.14 1.63 1.81 0.25 0.04 0.05 1.50
6 34.25 59.01 1.79 2.51 0.86 0.04 0.07 1.47
7 33.98 57.18 2.44 4.74 0.30 0.07 0.06 1.23
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Fig. 1. General appearance of raw materials (@), samples of aluminum () and slag obtained after melting (¢)

1.6.2.0.0.8/9 M1 muffle furnace at a temperature
of 250 °C for one hour to remove moisture and
organic impurities. The slag dried in this way is
placed in an alund crucible and heated. When a
temperature of 700 °C is reached, the reagents
that bind aluminum and silicon oxides into alu-
minates and silicates are added to the slag. After
that, liquid aluminum is poured into a mold and,
after cooling, weighed with analytical scales.

The samples for chemical and spectral analyzes
of aluminum are made according to GOST 7565-
81 [20]. The quantitative analysis of raw materi-
als is given in Table 1.

Differential scanning calorimetry (DSC) is used
to study structural transformations and phase tran-
sition during heating and cooling. The experiments
are carried out with the use of a synchronous

thermal analyzer STA 449F1 Jupiter of NETZSCH
(Germany) [21]. The thermal analyzer allows
conducting research in the two modes: “sample”
(without taking into account the thermophysical
properties of the crucible system) and “sample
with correction” (given the thermophysical prop-
erties of the crucible). In the “sample” mode, the
studies are carried out in comparison with an in-
ert reference that has the thermophysical proper-
ties similar to those of the studied sample.

To carry out research in the “sample with cor-
rection” mode, changes in the heat capacity of
the crucible system and in the reference are in-
vestigated in the same conditions (atmosphere,
heating rate, temperature interval) under which
the sample is planned to be studied, and then the
device do measurements given these parameters.

Table 2. The Chemical Composition of the Obtained Samples and Their Yield

Sample No. Si, % wt. Fe, % wt. Cu, % wt. Mg, % wt. Mn, % wt. AluTéIel}lfiligﬁr%/ztion
1 0.28 0.34 0.053 0.022 0.017 40
1* 0.22 0.26 0.060 0.016 0.014 52
2 0.89 0.25 0.063 0.014 0.020 55
3 0.28 0.35 0.048 0.016 0.015 61
4 0.18 0.31 0.028 0.016 0.011 42
5 0.23 0.25 0.060 0.012 0.031 49
6 0.27 0.32 0.230 0.013 0.018 47
7 0.38 0.65 0.079 0.019 0.025 50

Note: 1* is the sample obtained as a result of melting in a graphite crucible.
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Fig. 2. DSC-curves of aluminum sample No. 1 during heating (a) and cooling ()

In this way, it is possible to eliminate the influ-
ence of the crucible and partly of the reference on
the research results. It is almost impossible to
choose an ideal reference, even if a heat-treated
sample (in which there are no structural changes
any longer) made of the same material as the
studied sample is used as reference. Because of
the different weight, shape, and location in the
crucible, the influence of the reference is notice-
able, which leads to the slope of the baseline and
some distortion of the DSC curves.

The yield of aluminum is determined with 2.0%
wt. caustic soda (Na,CO,) [22, 23]. The general ap-
pearance of the raw material, aluminum samples,
and the slag obtained after melting is given in
Fig. 1. The chemical analysis of the slag has shown
that it mainly consists of sodium aluminate.

The aluminum samples obtained in this way ha-
ve been analyzed by the two methods: the X-ray
spectral technique and the electron scanning
spectroscopy. The chemical composition of samp-
les and the yield of aluminum are given in Table 2.

Table 3. The Parameters of the Phase Transitions of Aluminum Samples

Sampleno. | T, (1),°C | T,(2),°C T, (1), °C T, (2).°C H,(1),J/g | H,2).J/g | H,(1),J/g | H,(2),]/8
1 663.2 654.0 651.1 656.4 —254.5 —-263.6 279.2 271.6
2 644.8 636.4 649.6 649.1 -234.3 —-248.5 2529 261.3
3 659.8 652.9 656.5 656.0 -237.6 —247.6 258.0 256.2
4 669.5 654.6 657.4 657.1 -249.9 -2451 240.3 239.4
5 651.4 649.7 653.7 653.3 —-184.4 -1791 185.8 186.6
6 655.8 648.4 654.5 654.5 -2231 —220.7 2294 223.9
7 658.0 643.6 653.8 653.2 2341 -241.6 248.2 248.6
8 660.6 660.1 656.8 656.7 —244.3 —-237.6 2424 245.8

Note. T (1), T _(2) are the temperatures of the first and the second melting process; T, (1), T, (2) are the crystallization
temperatures after the first and the second melting; H_ (1), H_(2) are the enthalpies of the first and the second melting
processes; H (1), H_ (2) are the enthalpies of crystallization after the first and the second melting.

1. Sample 8* is standard aluminum grade A85. Its chemical composition is as follows: Al > 99.8; Fe <0.08; Si < 0.06; Ga<0.03;
Mg <0.02; Mn <0.02; Zn <0.02; Cu <0.01; Ti <0.008. 2. The chemical composition of samples 1—7 is given in Table 2.

ISSN 2409-9066. Sci. innov. 2023. 19 (4)

97



Dovbenko, V. V., and Verkhovliuk, A. M.

[1.3] [1.4]
te’“’ L bsageCoT2348)/8 g 9
1k FRREEI 5758 C :::' RN
k) 7
DED ©6364°C MBI/ g
<
= 1
z " <
2529
o) ~6.289]/g e 12
A-1r
0
— o 14]
2613 J/g
-2c 1 1 1 1 1 1 1 1 1 1 1
300 400 500 600 700 800 300 400 500 600 700
Temperature, °C
a b
Fig. 3. DSC-curves of aluminum sample No. 2 during heating («) and cooling ()
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Fig. 4. DSC-curves of aluminum sample No. 3 during heating (@) and cooling ()

The mechanism of this process is based on a change
in the valence of aluminum from three to one and
vice versa, depending on the reaction tempera-
ture. It can be represented by the following chem-
ical reactions:

2AL0, + Na,CO, = 2NaAlO, + ALO +
+CO, + O, (£ =2500—-3000 °C)
After the process described above, the tempera-
ture is lowered to 1000—1100 °C. At the same time,

monovalent aluminum oxide decomposes into me-
tallic aluminum and trivalent aluminum oxide:

3A1,0 = 4Al + ALO,

Regarding the joint action of chloride and so-
dium carbonate, first NaCl interacts with alumi-
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num oxide with the formation of sodium oxide and
aluminum chloride, then Na,O converts Al,O,
into aluminate:

Al,O, + 6NaCl = 3Na,0 + 2AICI,
Na,0 + ALO, = 2NaAlO,

Along with this, the phase transitions of the
above-mentioned aluminum samples have been
studied.

The obtained results are presented in Table 3
and Figs 2—9. It can be seen that the temperature
and enthalpy of the phase transitions do not sig-
nificantly differ from those of standard aluminum
(A85). They indicate that the processing of alu-
minum foundry slag using the above method le-
ads to obtaining aluminum of a relatively high

ISSN 2409-9066. Sci. innov. 2023. 19 (4)
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Fig. 9. DSC-curves of aluminum sample No. 8 during heating («) and cooling ()

purity. The exceptions are the enthalpies of sam-
ple 5. They differ by approximately 60 J/g. This is
probably because of the presence of impurities in
this material.

As for aluminum sample number 2, there are
several peaks on the differential melting and crys-
tallization curves. The peak at a temperature of
574 £ 2 °C is associated with the formation of
Al-Si eutectic that, according to calculations, is
about 7.8%. From the diagram of the states of
aluminum-silicon, it can be seen that at a content

of 12.2% Si, the melt turns into a liquid state at a
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Beryn. Bizomo, 1110 erkuii amomMinieBuit 6pyXT i BiX0I1 alfOMiHIEBOTO BUPOGHUIITBA BAKKO e(heKTUBHO TJIABUTH, OCKIJIb-
KM BiH JIy’Ke JIETKO OKUCJIIOETCS.

IIpo6GaemaTura. TexHOJIOTIS O1ePKAHHST ATIOMIHIIO IIJISIXOM BiIHOBJIEHHS JIMBAPHUX IIJIAKIB JI03BOJISIE CYTTEBO 3MEHIIIU-
TH KiJIbKICTb BiIXO/IiB, 3HU3UTH BUTPATU €JIEKTPOEHEPTii Ha BUPOOHUIITBO BUIUBOK.

Mera. Po3po6Ka TeopeTHYHKX I TEXHOJOTTUHIX OCHOB MePePOOKU aTIOMIHIEBUX BIIXO/IB Ta O/lep/KaHHS 3 HUX BUCOKO-
SIKICHOTO ITPOJLYKTY.

Marepianu it Mmerozau. /751 BU3HAUYEHHST METAIYPrilfHOTO BUXOJLY aJIOMIHIIO OHIET IIABKHU B iHAYKIT#Hii meui 6pammi 300 r
JIBapHoro nuiaky. Pearent (kayctuany coxy 2,0 % Bix Macu 1utaky) mposkapioBasu mpu temmepatypi 250 °C npotsrom 1 roj
JUUIST BUJTATIEHHST BOJIOTH Ta opra"ivHmx aoMimok. [Ilrak momimasnu B amyHzoBmil THTEb Ta BKIIOYAAn HarpiB, a mpu 700 °C
nomasanu coxy. Ilicas 1poro pigkuii amominiil 3anmBanu y Gpopmy i micss KpucTasisailii Horo 3BaskyBajid Ha aHAJTI THYHNUX
tepesax. [1pobu st XIMIYHOTO Ta CIEKTPAIBHOIO aHali3iB amoMinio 6pasu 3rigHo 3 TOCT 7565-81. JlocuimpkeHHs cTpyK-
TypHUX i (Da30BUX MEPeTBOPEHD IIPU HATPIBaHHI I OXOJIO/PKEHH] aIlIOMiHIEBUX 3Pa3KiB MPOBOAMIIN JAu(ePeHIiabHO CKAHY-
109010 KaJopuMeTpi€io (cuuxponnuii tepmivauii ananizarop STA 449F1 Jupiter bipmu NETZSCH).

Pesyabratu. Ha piBHi rinoresn po3pobiieHO MexaHi3M 1polecy epepoOKn MeTajypriiiHoro IiaKy, SKuii 6asyerbest Ha
3mini BasienTHOCTI amominio 3 (I11) mo (1) i HaBmaku, 3ay1e)kHO Bij TeMIepaTypH POTiKaHHS peakiliii. Bctanoieno 3akoHO-
MIPHOCTI BeJIMUMHE METAJIyPriiiHOr0 BUXOJLY IIPH T1epepodIli HU3bKOCOPTHUX ajltoMiHiliBMicHUX niakis. [TokaszaHo, 1o npu
inTercudikarlii npoiecis TeI00OMiHY Aiala3oH ONTUMAIbHUX 3HAYeHb TAPAMETPIB 3MEHIIYEThCSI, 2 BEJIMUMHA METaJly Priii-
HOTo BUXO/y 3pocta€. [locaifkeno ¢hasoBi nepexoan aJioMiHIEBUX 3Pa3KiB, SKi 0Jlep/KaHO IIPH MepepodIli JUBAPHOTO ajlio-
MiHieBOro MIaKy. /loBeeHo, mo Takuii MeTo [ epepobKH [03BOJISIE OTPUMATH aTIOMIHIH MOPIBHSHO BUCOKOI YHCTOTH.

BucHoBku. Pesysisrati po6oTH MOJKHA BHKOPUCTOBYBATH IS YAIOCKOHAJICHHST TEXHOJIOTIT O/[epKAHHSA BTOPUHHOTO AJIi0-
MIHIIO 3 BiZIXO/IiB aIIOMiHIEBOrO BUPOOHMIITBA.

Kniouogi cnosa: amomiHiii, TMBapHUIl NIJIAK, METATYPTiHII BUXiJ, TemMIeparypa, $has3oBi nepexoau.
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