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Abstract. Today the quality of castings obtained by aluminum recycling is determined by the technology and the
culture of collecting, sorting and preparation of the secondary raw materials for the further processing. The aim of
the work is to review modern technologies and methods for sorting and classifying aluminum scrap. As a rule, the
collected aluminum scrap consists of a mixture of different materials and the alloys of different grades, which leads to
a high content of unwanted impurities in the metal structure and, accordingly, low quality of the final material. Special
attention was paid to the technological features of scrap sorting, which ensures the minimum content of iron in the
final alloys obtained by processing aluminum. Practical cases of secondary aluminum metallurgy enterprises located
in Ukraine, Austria, and Belgium were considered. The work was carried out using a system approach, methods of
abstraction, system analysis, comparison and synthesis. Sorting of scrap and waste of aluminum by grade is carried out
according to characteristic distinguishing features (color, nature of fracture, hardness, fragility), according to specific
features of typical parts, spectral analysis, droplet sampling method, and others. If the current practice of collection of
aluminum scrap is maintained, the amount of aluminum scrap collected will soon exceed the production capacity of
cast aluminum alloys. Reducing the heterogeneity of scrap and waste can be achieved through the use of innovative
technologies such as sorting sensors, spectrometric and X-ray studies, the use of infrared, ultraviolet, laser-induced
breakdown spectroscopy, etc., which determine the directions for further research. The other challenge is to estimate
economic and environmental advantages of implementing advanced sorting and scrap classification methods. The
scientific task of theoretical and methodological substantiation of technologies and methods of sorting and classification
of scrap aluminum and aluminum alloys was solved. Consolidated information on existing approaches that are effective,
meet the requirements of the time and can be realistically implemented in secondary metallurgy enterprises in Europe.
Also, scientific provisions, practical cases and work conclusions can be used in the process of teaching material science
and aluminum technologies in higher education institutions and during research.

Key words: downcycling; aluminum purification; particle size separation; scrap surplus; aluminum recovery;
aluminum flows.

AHoranis. CporosHi SIKICTh BHJIMBKIB, OTPUMaHHX PELHMKIIHIOM aJIOMiHIIO, BU3HAYAETHCS TEXHOJIOTIEI0 Ta KYJb-
TYporo 300Dy, COPTYBaHHs Ta MiATOTOBKH BTOPHHHOI CUPOBUHHM JI0 TOJAIIBINOI TepepoOku. MeToro poboTH € orisy
CY4acHUX TEXHOJIOTiIH COPTYyBaHHS Ta Kiacudikalii aqroMiHieBoro iomMy. Sk npaBuio, 310paHuii anoMiHIEBHH OpyXT
CKJIQJIAETHCS 13 CyMIlli PI3HUX MarepialliB 1 CIJIaBiB PI3HUX MapOK, IO IPU3BOJUTH J0 BUCOKOTO BMICTYy HEOaKaHHX
JIOMIIIIOK Y CTPYKTYpi MeTaly i, BiITIOBIHO, HU3bKOI SKOCTI KiHIIeBOro Marepiany. OcoOmuBy yBary Oyino IpUaiICHO
TEXHOJIOTTYHUM OCOOJIMBOCTSIM COPTYBaHHs OpyXTy, 1110 3a0e3reuye MiHIMaJIBLHUIN BMICT 3aJli3a B KIHIIEBUX CIIaBax,
OTPUMAaHUX IUIIXOM ePEepOOKH aMOMiHI0. PO3IIISTHYTO TpakTHYHI KEHCH ITiATPUEMCTB BTOPUHHOT METaITyprii ajroMi-
HIIO, pO3TallIOBaHUX B YKpaiHi, ABcTpii Ta benbrii. Po60Ta BUKOHaHA 3 BUKOPUCTAHHSIM CUCTEMHOTO ITiJIXO/1Y, METOIIB
abcTparyBaHHs, CHCTEMHOTO aHaJli3y, TOpiBHIHHS Ta cuHTe3y. CopTyBaHHS OpYXTY Ta BiIXOIIB aJIFOMIHIIO 32 MapKaMHu
3IIMCHIOETHCS 32 XapaKTepHUMH 03HaKaMH (KOJIp, XapakTep pyHHyBaHHs, TBEPAICTb, KPUXKICT), 38 0COOIUBOCTIMHU
THIIOBHX JIETaJICH, CIIEKTPAJIbHUM aHali30M, KPaIUIMHHUM METOJIOM Ta iH. SIKII0 TOTOYHA MpaKTHKa 300py alltoMi-
HieBOro OpyxTy Oyne 30epekeHa, KiIbKiCTh 310paHOro ajroMiHi€BOro OpyXTy He3abapoM IHEpPEeBUIIUTDH MOTYKHICTh
BUPOOHMIITBA JINTUX AJIFOMIHIEBUX CILIaBiB. 3MEHIIUTH HEOIXHOPIJHICTh OPYXTY Ta BiZIXOIB MOKHA 332 PaXyHOK BHKO-
pHUCTaHHS IHHOBAI[IHHUX TEXHOJIOTIH, TaKUX SIK AATYUKH JUISi COPTYBAaHHs, CIEKTPOMETPHYHI Ta peHTreHorpadivHi
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JOCIIPKEHHS, BUKOPUCTaHHA 1H(pauepBOHOI, YIbTpadioneToBoi, la3epHO-iH1yKOBaHOT CIIEKTPOCKOITT POOOIO TOIIO,
SIKI BU3HAYAIOTh HAMPSIMU TONAIBIINX TOCIIKCHb. [HIIIMM BUKIUKOM € OI[IHFOBaHHS €KOHOMIYHUX Ta €KOJOTTYHHX
niepeBar BIPOBaKEHHs [IEPEIOBUX METO/IB COPTYBaHHS Ta Kiacudikanii Opyxrty. BupimeHno HaykoBe 3aBIaHHS T€O-
PETHUKO-METOAOJIOTYHOTO OOIPYHTYBAaHHS TEXHOJIOTIH 1 METOJIB COpPTYBaHHs Ta Kiacudikauii OpyXTy allOMiHIIO Ta
QIIOMIHIEBHX CIUIaBiB. 3Be/leHa iH(pOpMaLlis MI0J0 ICHYIOYHX MiJXO/IB, sIKi € e(DeKTUBHIMH, BiJIIOBIIAl0Th BUMOTaM
Yyacy Ta MOXYTb OyTH peajbHO BIIPOBaKEHI Ha MiANPUEMCTBAX BTOPUHHOI MeTanyprii B €Bpomi. Takox HaykoBi
TIOJIOXKEHHSI, IPAKTU4HI KeWCH Ta BACHOBKH POOOTH MOXKYTh OyTH BUKOPUCTaHI y IPOLIEC] BUKJIaJaHHs MaTepialo3HaB-
CTBa Ta TEXHOJIOTIH aJIFOMIHIIO y 3aKjIaax BUIIOI OCBITH Ta I/l Yac NPOBEAEHHS JIO0CIIKEHb.

Koio4oBi cjioBa: nayHIMKIIIHT; OUUILEHHS ATIOMIHIIO; PO3AUICHHS YaCTHHOK 3a PO3MipOM; Ha/UIMIIOK OpYXTY; Bij-

HOBJICHHS aJTFOMIHII0; TOTOKU aJIFOMIiHIO.

TASK STATEMENT

Nowadays secondary aluminum metallurgy is an
independent branch of industry. It aims to process alu-
minum scrap and waste into high-quality alloys. Tech-
nical progress and innovations development impose
increased requirements for the quality of the alloys, thus
simple remelting of secondary raw materials becomes
insufficiently effective [1]. The problem of waste utili-
zation should be solved in complexity with the use of
knowledge-intensive, energy-efficient and ecologically
friendly approaches [2].

The main part of collected aluminum scrap contains
a mixture of the alloys of different grades [3] that results
in the presence of different alloying elements and impu-
rities in the structure of the metal. Removing these ele-
ments metallurgically from final secondary (recycled)
alloys is notoriously difficult and economically unprofit-
able [4, 5]. As a result most alloys are downcycled [6-8]
and processed for production of cast alloys which contain
a comparatively high rate of impurities [9]. The smaller
part of the alloys is used for the production of deformable
alloys, which have less tolerance regarding the content
intervals of the main components and impurities. To pro-
duce recycled aluminum alloys from mixed scrap, there
is a need of dilution with a large amount of primary alu-
minum [10-12], which increases the cost, and also leads
to the depletion of natural resources and pollution of the
atmosphere with greenhouse gasses [13, 14].

Today the quality of castings is determined by the tech-
nology and the culture of collecting, sorting and prepara-
tion of the secondary raw materials for the further process-
ing. The technological cycle of aluminum scrap utilization
is divided into two related to each other main stages: pre-
metallurgical preparation of raw materials (collection, sort-
ing, classification) and metallurgical processing. Without
quality implementation of the first stage, the irreversible
losses of metal in the second stage are inevitable.

SELECTING PREVIOUSLY UNSOLVED PART
OF THE GENERAL PROBLEM

Studies have shown that if the current practice of col-
lection of aluminum scrap is maintained, the amount of
aluminum scrap collected will soon exceed the produc-
tion capacity of cast aluminum alloys [15-17]. Thus, it
is expected a certain amount of aluminum scrap will be

collected, for which there will be no corresponding appli-
cation, named the scrap surplus [18, 19]. The scientists
estimate aluminum scrap surplus at the level of 4.2...6.1
million tonnes in 2030 [20, 21] and nearly 14 million
tonnes in 2050 [22]. According to estimations the surplus
scrap will reach 11.4 % of all the aluminum scrap col-
lected, and up to 90 % of collected and processed scrap
can be used for the production of new alloys [15, 23].

One of the main challenges is to estimate economic
and environmental advantages of implementing enhanced
sorting and scrap classification methods. The formation
of scrap is primarily related to the life cycle of vehicles:
for example, for a passenger plane, it is about 25...30
years, for a passenger car — 12...15 years [24-26]. The
coefficient of collection of scrap products is 85.90 %
and 50.85 %; generation of waste during production is
100...122 % and 25...43 %, respectively [27]. The ratio
of deformable and cast alloys in aircraft construction is
90/10 and in car construction about 20/80.

Extensive data research on Al production, con-
sumption, trade and waste management was conducted
and resulted in a detailed model of national Al resourc-
es. Approximately 20 % of old scrap is not recovered
because of losses in waste management processes [28].
Most processing enterprises cannot provide high qual-
ity parameters of secondary alloys, primarily due to the
imperfection of scrap and waste sorting methods.

The aim of the work is to review modern approaches
for sorting and classifying aluminum scrap. Research
methods: system approach, methods of abstraction, sys-
tem analysis, comparison and synthesis. The object of
the research are technologies and methods for sorting
and classifying scrap used in the process of aluminum
alloys recycling. The subject of the research is alu-
minum scrap.

MAIN MATERIAL

The aluminum recycling process can be divided into
aluminum scrap sorting, aluminum purification and parti-
cle size separation [13, 22, 29-31]. Density separation is
one of the first procedures in extracting aluminum from
the scrap mix and reducing its mass and dimensions to be
suitable for the use in smelting furnaces [32-34]. To sup-
port improved aluminum recovery, sampling and sorting
procedures are used to identify and quantify the shape,



sizes and dimensions of the scrap contained in the frac-
tion [35].

The utilization process is complicated due to the fact
that it is necessary to disassemble units consisting of vari-
ous parts and materials. Electromagnetic pulleys and iron
separators with mechanical unloading of the extracted
materials for the extraction of ferromagnetic objects from
scrap are used [36-40]. The purity from contaminants
could be increased by shredding collisions that cause the
removal of paint layers [41-43].

The separation of light material fractions (plastics,
foam, rubber, etc.) typically start with density separa-
tion [10, 44, 45]. Due to its comparative low density
aluminum floats can be separated from iron, copper, zinc
and other more heavy metals. The other possibility is to
use eddy current separation [46-49]. Removing of dust,
small particles, glass and other is carried out by the use
of sieves. The material flow is sorted to different particle
sizes based on the sieve sizes used at the different treat-
ment stages [50-52]. Further sorting of undesirable mate-
rials in the aluminum flow is carried out by an eddy cur-
rent separator, optical separator and head pulley magnet.

Special attention is paid to the preparation of chips
and other dispersed oxidized waste [53-55]. For these
purposes, the necessary equipment, as a rule, is com-
bined into a single complex, where the following opera-
tions are performed: separation of chips, their crushing,
removal of oil and emulsion, drying of chips, removal
of the magnetic component and sorting by alloys. To
remove oil and emulsion, chip washing, dry steaming
and centrifugation are used.

Particle size and shape separation mechanisms are
of the greatest concern. The researchers [42, 56] point
out that the latter is a comparatively budget solution to
improve removal efficiency in comparison with con-
ventional air-based classifiers. Prior removal of fines
and screening separation of particles more than 50 mm
by size and shape may increase efficiency of material
flows in the national aluminum cycle [57]. The smaller
4...12 mm size fraction had higher levels of impurities
than the 12...40 mm fraction due to the type of material
and physical characteristics of the impurities [58, 59].

The physical separation methods are typically used
for scrap after shredding [60]. The majority of automotive
scrub is subjected to shredding operations before remelt-
ing [61]. The shredders use large hammer mills to smash
scrap into small pieces typically up to 10 cm [62]. Before
using foremost physical separation methods general sepa-
ration by particle size using screening methods is applied.

Air separation methods include windsifting, elutria-
tion air-knives, winnowing, air column and others. Mag-
netic separation separates the ferrous and non-ferrous
scrap parts, but it is insufficient to separate contaminants
such as glass, rubber, plastic, etc. Eddy current separa-
tion method is based on the fact that metals with different
conductivity produce varying eddy currents and are jet-
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tisoned to different distances. Color sorting can be done
by manual and spectrographic methods, as well as using
automated methods (for example, a computer analyzes
images of each scrap and directs it to the appropriate feed
belt). Spectrographic methods involve passing various
pieces of scrap through sensors that trigger X-ray fluo-
rescence, neutron beams, or pulsed laser methods. Laser-
induced breakdown spectroscopy uses a pulsed laser and
optical emission spectroscopy.

Based on the appearance and type of the product it is
possible to determine the quality of the alloy with a fairly
high probability and to sort the scrap and waste according
to the current standards. The differentiation of aluminum
alloy scrap grades in Ukraine is carried out in accordance
with DSTU 3211-95 [63] into foundry alloy scrap, rolled
aluminum waste, electrotechnical aluminum, mixed alu-
minum, piston scrap, oversized scrap, and scrap to be cut.
The main operations of the primary processing of alu-
minum scrap and waste included pyrotechnic and radio-
logical control, sorting, cutting, bringing scrap and waste
into overall condition.

The research carried out at the recycling facility
Galoo in Menen, Belgium [13, 64] had shown that the
aluminum in 40...120 mm fraction originates on average
for 40 % from construction waste, 40 % from automotive
waste and for 20 % from consumer durables. The types
of scrap sources were related to depolluted vehicle hulks
(nearly 30 %), demolition scrap (30 %), household waste
(20 %) and building scrap (20 %). The studies had shown
that the aluminum content in the end-of-life vehicles and
household waste accounts for up to 5 wt. % [65, 66]. The
aluminum content in demolition and building scrap is less
than 1 wt. % [13].

The work on the differentiation of the main types and
wastes of aluminum of the Zaporozhye region, Ukraine,
was carried out [67]. Thus, the main types of transport
scrap include bumpers, block-carter of an automobile
engine, air-cooled engine heads, cylinder heads of auto-
mobile engines, automobile pumps, wire for wires, auto-
mobile radiators, pistons of diesel engines. Due to the
rapid development of electric cars, a new source of auto-
motive waste is emerging — batteries.

Based on the method of material flow analysis (MFA),
a static model of Austrian aluminum flows was devel-
oped [16, 28]. Extensive data research on Al production,
consumption, trade and waste management in Austria was
conducted and resulted in a detailed model of national Al
resources. Approximately 20 % of old scrap is not recov-
ered because of losses in waste management processes [28].

Sorting scrap and waste of aluminum by grade was
carried out according to characteristic distinguishing
features (color, nature of fracture, hardness, fragility),
according to specific features of typical parts (electrical
conductors, pistons), spectral analysis, droplet sampling
method, and others. Further production work with differ-
entiated grades of scrap and waste made it possible to
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obtain data on the total contamination of scrap, as well as
metallurgical losses during remelting for each nomencla-
ture number of sorted scrap.

It is known that the high quality of production is ensured
by carefully organized operations of the primary processing
of scrap and production waste. Sorting is the most important
operation of the primary processing of scrap. In this regard,
an additional differentiation of scrap by iron content was
carried out within each group and type of scrap [67, 68]. In
the developed classifier No. K110-02-TsPAS, the follow-
ing are indicated: the name of scrap grades, nomenclature
number, fouling (general, with iron and other additives),
characteristics of typical products, chemical composition
of silicon and iron, metallurgical output including fouling,
metallurgical losses during remelting.

One of the tasks of remelting of aluminum scrap and
waste is the maximum extraction of aluminum with the
provision of the necessary technical requirements. In gen-
eral, the amount of secondary aluminum that can be used
for the production of recycled alloys is slightly lower (up
to 90 %) than the amount of scrap collected due to losses
during remelting itself [69, 70]. Metallurgical recovery
assumes the percentage of metal obtained from the met-
al content of waste percentage [71-73]. More complete
extraction of metal is possible by the correct choice of
technology of metallurgical processing and the amount
and composition of the flux. According to the Interna-
tional Aluminum Institute aluminum scrap recovery rates
after melting exceed 97 % for any industry; foil recovery
rates reach 85 % [74]. Accordingly, it can be assumed
that the recovery rates of chips, offcuts and other produc-
tion waste will also be lower [75, 76]. The amount of pri-
mary aluminum used is equal to the difference between
the demand for cast alloys and the amount of secondary
aluminum used in the production of cast alloys. If the
amount of recycled aluminum exceeds the ability of the
alloys to absorb the material, there will be no destination
stream for the aluminum surplus [76].

Discussion of received results. Due to the thermody-
namic barriers it is difficult to remove unwanted elements
from aluminum in comparison with the other metals, so
it is essential to mitigate impurity accumulations during
production [62]. Among the most common approaches
to level the negative impact on recycling is dilution with
primary aluminum. Downcycling means recycling of
aluminum into lower value products and permits higher
usage of recycled materials.

The problematic impurities refer to Mg, Mn, Cu, Si,
Ni, Zn, Cr,etc. One of the most unwanted elements in the
composition of the alloys is iron as it is present in the
structure primarily in the form of iron-based intermetal-
lics [12, 77-80]. The probability of iron impurities due to
separation errors decreases for larger particle sizes in the
aluminum fraction, and larger iron impurities are more
likely to be separated by the magnetic separator after the
milling process. Similar to aluminum samples with high
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ferrum content, the likelihood of iron-based impurities
due to separation errors decreases for larger particle sizes
in the aluminum fraction since they can be easily sorted
through magnetic separation [31, 81]. During remelt-
ing, dilution losses occur due to the need for dilution the
residual element concentration (e.g. iron) with primary
aluminum [14, 82-84]; to avoid quality losses alloying
elements are added.

To evaluate the environmental impacts associated
with the quality of different aluminum scrap fractions
collected, the research [13] was carried out to assess the
dilution and quality losses in remelting the scrap used as
aluminum AA6061 alloy. The total environmental impact
for aluminum with high ferrous scrap fractions of both
sizes increased at least 28 times compared to aluminum
scrap fractions (4...12 mm, 12...40 mm, 40...120 mm).
The use of primary aluminum as a solvent is the main
contributor to the environmental impact of high-iron alu-
minum scrap, with an impact of at least 92 %.

To achieve higher purity of recycled aluminum alloys
the alloying elements are added to meet the composition-
al limits. The use of primary aluminum for dilution can
be minimized by using other high purity scrap streams
and optimized aluminum scrap blending [20, 21, 85]. The
total environmental impact for aluminum with high iron
scrap fractions is greatly influenced by the dilution loss-
es; the total environmental impact for aluminum scrap
fractions is largely contributed by recycling process and
quality losses since no dilution losses occur.

An environmental assessment based on case study
data shows that the effects of dilution and quality loss
are closely related to the quality and purity level of the
recovered aluminum streams. The processing of high-
purity materials can be affected by additional processing
costs, profit from final products, or the mass or volume
of scrap fractions of different quality produced. The iron
content level highly influences the recyclability of alu-
minum scrap. The main type of joining techniques caus-
ing impurities in the aluminum streams are mechani-
cal fasteners such as machine screws, socket screws,
bolt screws and rivets, which are commonly used for
assembling aluminum with other materials. Sorting of
aluminum scrap into different fractions is proven to be
effective in obtaining high quality aluminum in most
European countries.

CONCLUSIONS

One of the main urgent needs for the metallurgy of
secondary aluminum is to invest in new methods and
technologies to collect, sort and recycle aluminum scrap
and waste [83, 86]. Reducing the heterogeneity of scrap
and waste can be achieved through the use of innovative
technologies such as sorting sensors [87-90], visible and
X-ray imaging [91-95], the use of infrared, ultraviolet,
laser-induced breakdown spectroscopy [35, 64, 96-100],
which determine the directions for further research.
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