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Abstract

This review aims to carry out a scientific review of the current status of aluminum can recycling processes over the last
15 years, seeking to find sustainable applications for its destination. Thus, the research topics were defined by the identi-
fication of the structure of the scientific field of research and the relationship of aluminum recycling, casting processes,
and formation of aluminum-based alloys, as well as their applications. Therefore, three topics were studied: the state of the
art of aluminum recycling practices; processes being performed and aluminum casting techniques and methods; and the
current state of formation of secondary aluminum-based alloys, the alloy elements being used, and their applications after
the formation of alloys. Based on the above three topics, the research topics include (A) aluminum recycling, (B) casting
processes, and (C) the formation of aluminum-based alloys and their applications. For bibliometric analysis, the software
SciMAT was applied. Through the overlaid map and the evolution map, it was possible to detect the temporal evolution of
the scientific field in the researched area. Cluster analysis allowed us to identify the motor words. Through the connections
network, keywords connected to the motor themes were verified that indicated the connection areas of the research field and
the main authors. The simulation models were factors of innovation in the area, as well as the software packages ANSYS
and ProCAST. In the area of alloy formation, the liquid metal cleaning analyzer technique was highlighted in the production
of high-quality alloys. The important connections to aluminum recycling feasibility are presented in this review.
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Abbreviations

CA Cellular automaton

CAP Casting adjusted pressure

CDC Casting and coupling stirring direct chill
CMP Chemical polishing model

DC Direct chill

ICME Integrated computational materials engineering
LiCMA Liquid cleaning metal analyzer

NDC Normal direct chill

SLR Systematic literature review

SciMAT  Science mapping analysis tool

VAC Virtual aluminum casting
Introduction

Scientific studies focused on aluminum recycling have rel-
evance to the industry and to the general population. The
innovations in this area provide new solutions for materi-
als applications in addition to opportunities for recycling in
urban centers that provide the return of these materials to
the production chain as a raw material of mode sustainable.
In this process, there are positive impacts with decreased
energy consumption, which reduces greenhouse gas emis-
sions because it avoids further extraction of ore from the
crust of the Earth and promotes the sustainability of the
environmental.
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In 2010, based on the analysis of secondary aluminum
reserves in 19 countries, there were mainly 85 million tons
in the USA, 65 million tons in China, 29 million tons in
Japan, and 413 million tons worldwide. In the USA, the esti-
mates were that their secondary reserves would be larger
than their primary reserves and that considerable amounts
of secondary aluminum materials were still accumulating
in landfills [1].

During recycling, an aluminum slag is formed. This
industrial waste is harmful to humans and the environment;
direct and indirect recycling, strategies for the recovery of
these residues and methods for the management and reuse
of these materials are recognized as being relevant [2]. An
aluminum salt slag is formed during aluminum residue
smelting, which contains 15-30% aluminum oxide, 30-55%
sodium chloride, 15-30% chloride potassium, 5-7% metal-
lic aluminum, and impurities, such as carbides, nitrides,
sulfides, and phosphides. Its disposal in landfills is prohib-
ited in most European countries and must be managed in
accordance with current legislation. Depending on the crude
mixture, the amount of slag can vary from 200 to 500 kg per
ton of secondary aluminum [3].

Conventional recycling by remelting aluminum and
light alloy chips also requires study because it can be
replaced by solid-state recycling techniques that con-
vert chips directly into dense bulk materials and provide
several advantages, such as energy reduction, decreased
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metal losses, and decreased harmful gas emissions. The
mechanical properties of samples, which depend mainly
on the chips quality and the microstructure of the bulk
materials, are important for the improvement of solid-
state recycling techniques and the future prospects for the
recycling processes [4].

Holzschuh et al. [5] explored different compositions
of recycled materials. Recycled aluminum with primary
aluminum, rice husk ash, magnesium, and copper was
melted through the gravity casting process and drained
into a mold. Ashes from rice husk, magnesium, and cop-
per were added to the ingot to produce a metallic matrix
that was characterized by several techniques. The inclu-
sion of rice husk ash into molten aluminum was analyzed
using scanning electron microscopy, density analysis, and
Brinell hardness and Charpy impact force testing. The
metallic matrix formed by the methodology that involved
varying the addition parameters and metal incorporation
appeared feasible for several industrial applications.

In general, in aluminum recycling process from the use
of refuse until the smelting process, there have been inno-
vations and new trends as well as the evolution of scrap
pretreatments, such as sorting, crushing, and dismember-
ment. The casting technologies, operating conditions, and
the relationship between the cost and efficiency of cast-
ing and furnace operations are also relevant to ensure the
development of improved aluminum recycling processes
with low economic and environmental impacts [6].

In this context, a review about sustainable techniques
of aluminum recycling is important and can assist with
decisions about process improvements. The research can
be systematized with the help of bibliometric tools by
Zupic and Cater [7], Cobo et al. [8], and Kipper et al.
[9], the meta-analysis by Hermansson et al. [10], and
results from a systematic literature review with SLR [11].
We consider that carrying out the synthesis of previous
research is one of the essential tasks for technological
advancements and the implementation of innovations.
The qualitative approach of the review and the quantita-
tive analysis can be complemented with scientific map-
ping methods that make the review accurate [7].

In this way, we aimed to recognize the current state of
the art of secondary aluminum recycling, in particular,
the recycling of aluminum cans from waste collection
in the main urban centers of the world, contributing in a
sustainable way and innovations in the reuse/recycling of
this material. In addition, we sought to analyze aluminum
casting by investigating smelting techniques, in which
alloys are formed and applications are recommended due
to alloy elements in the final product.

Methodology

For this study, SLR and bibliometric methods were used
according to Kitchenham and Charters [12], Neto et al. [13],
and Cobo et al. [14] evidence-based methods, and a bias of
the revision was avoided. The qualitative and quantitative
approach used explicit criteria with a search strategy defined
in comprehensive sources [7, 9, 11, 15-18].

To identify the structure of the scientific field of research,
three relevant research topics were defined: (A) aluminum
recycling (i.e., the state of the art of aluminum recycling
practices and processes), (B) casting processes (i.e., the pro-
cesses being performed and aluminum casting techniques),
and (C) the formation of aluminum-based alloys and their
applications (i.e., the current state of formation of second-
ary aluminum-based alloys and the alloy elements that are
being used as well as their applications after the formation
of alloys).

The search period was limited to 15 years, considering
that more than 60% of the published documents on alu-
minum recycling in the Scopus database occurred in this
period, as shown in Fig. 1. Since 2011, research in the
area has advanced considerably, but it experienced a slight
decline in 2015. In 2016, the research increased and peaked
in 2019.

The inclusion criteria applied to search for primary stud-
ies included the title, abstract, and keywords of the docu-
ments, as presented in Table 1.

SciMAT software was used as a research tool for the
extraction and quantification of information. This software
is free and offers treatments, algorithms, and quality and per-
formance measurements for all stages of scientific mapping,
from preprocessing to visualization of the results [9, 14].

During the preprocessing stage, which corresponds to
the extraction and analysis of the data, the verification
of duplicate items, words, and documents occurred, and
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Fig. 1 Publications between 2005 and 2019 in the Scopus database
using the keywords presented in Table 1

@ Springer



948

Journal of Sustainable Metallurgy (2022) 8:945-963

Table 1 Search strings used in the Scopus database and citation inventory to quantitative studies

Research Search strings Citation Co-citation
topic (primary
documents)
A "Aluminum recycl*" AND "Aluminum can*" OR "Aluminum reuse" OR 67 763 documents cited 67 documents
"Aluminum reprocess*" OR "Process mapp*" OR "Recycl* process*" OR
"Recycl* methods" OR "Recycl* techniques" OR "Identify process*"
B "Aluminum Cast*" AND "Aluminum Can*" OR "Yield" OR "Process*" 857 3.962 documents cited 857 documents
OR "Reprocess*" OR "Reuse" OR "Cast* Methods" OR "Aluminum
Reprocess*"
C "Aluminum Alloy" AND "Alloy formation" OR "Alloy production" OR 302 3.304 documents cited 302 documents

"Alloy preparation” OR "Addition of metals" OR "Metal incorporation"
OR "Metal inclusion" OR "Metal Melting" OR "Alloy Applications" OR

"Alloy Purposes"

clusters as well as similar terms were formed. A total
of 1182 documents remained in the data for processing.
The analysis was performed based on the studies of Cobo
et al. [14] and Kipper et al. [9]. In the first step, the docu-
ments were distributed into 5 subperiods (2005-2007;
2008-2010; 2011-2013; 2014-2016; 2017-2019). Then,
in the second step, the unit analysis, considered the
selected words and Autor’s words. Subsequently, for the
reduction of data methods, in the third step, the box was
checked and a minimum frequency of two in each period
was defined. In the step four, the selection of the matrix
type to build the network was defined by co-occurrence.

Network reduction filters were applied in sequence
due to the large number of identified words. For that, five
step, only keywords with at least 3 associated documents
were selected. The similarity between the keywords was
assessed using the equivalence index by Callon et al. [19],
six step, which calculates the bond strength between clus-
ters [20]. For the criteria of cluster formation, seven step, a
simple center algorithm was applied that demonstrated the
strength of the link between the clusters; for the construc-
tion of the network, the configuration of the maximum
and minimum size of the cluster was applied in 25 and 4
words, respectively [21]. To perform the document map-
ping, eight step, the following configurations were used:
a core mapper and secondary mapper. For the nine step,
as a quality measurement, the 4 index and sum citations
indicator were applied. For longitudinal measurements of
the maps, ten step, Jaccard’s index was used to evaluate
the map evolution, and to evaluate overlapping maps, the
inclusion index was used.

Regarding the author selection, a new analysis wheel was
carried out. The same 5 periods were selected in step one.
In step two, the words button was selected, Author's words
check box, in the data reduction method, a minimum fre-
quency of 2 authors per cluster was considered. In step four,
the type of aggregate coupling hue based on authors was
selected. For the network reduction method (step five), a
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minimum value of 8 was used. In step six, as a normalization
measure, an equivalence index was used.

For the formation of the cluster algorithm, we used the
simple center algorithm with a minimum value of 10 and
a maximum of 15 (step seven). In step eight, as a docu-
ment mapping, a core mapper was used, step eight, and for
the quality measure, the . index and the sum of citations in
step nine were used. To conclude the analysis and define the
measurement of the longitude map, the Jaccard’s index and
an overlay map for the inclusion index were used in step ten.

The issues detected were visualized using two different
visualization instruments: a strategic diagram by He [22]
and a thematic network [21]. For the discovery of thematic
areas, the review was deepened, their temporal evolution
was analyzed, and the mapping and identification of the
research topics were completed. For the construction of
thematic maps, the inclusion index was used. Finally, the
contributions related to the research topics was assessed in
a quantitative and qualitative way using the /4 index, which
measures the number of published documents and the num-
ber of citations received in each document.

Results
Bibliometrics Data

After a general analysis, countries like the USA, Germany,
and China and, to a lesser extent, Brazil, the Russian Fed-
eration, and Norway, appeared in the first three positions for
aluminum recycling. The publication areas for aluminum
recycling are highlighted in Materials and Mechanical Engi-
neering, Materials Science, and Physics, followed by Envi-
ronmental Engineering and Environmental Science.

For the periods, considering the statistical data provided
by the SCciMAT software, it was observed that the production
was maintained over the two-year periods, indicating that the
area was still in scientific development (Fig. 2).
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Fig.2 Average and standard deviation of scientific production related
to the three questions investigated, in a study related in periods
according to the SciMAT software

Figure 3 corroborates these values and considers the over-
lapping map with the evolution of keywords, in which the
circles represent the number of keywords in the subperiod,
the horizontal arrows represent the number of keywords
shared between the subperiods and index of stability (%).
The arrows converted to the circle or not correspond to the
variation that occurred in the period, where the upper entry
arrow represents the number of new keywords entering the

Fig.3 Overlapping map of o~
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period and the upper exit arrow represents the words dis-
played in that subperiod that are not mentioned in the next
subperiod because they were discarded due to an innovation
in the area [8, 9, 14].

Regarding the most relevant topics, the main line of
research over the 15 years took place across the top line in
Fig. 4 that highlights the main theme in the area according
to subperiod. In the first subperiod, the research was focused
on searching for aluminum alloys; in the second period, the
word “aluminum” stood out as the focus.

In the third period, interest turned to aluminum smelting,
and in the fourth and fifth periods, the concentration returned
to research on aluminum alloys. It was noticed that from the
third period onward, the word “Recycling” appeared with
a continuous line, showing interest in its exploration. This
interest remained in the fourth period and assumed a more
important role in the fifth period, confirming that the inter-
est of researchers in this area was linked to the formation of
alloys, which was highlighted as the main theme.

For the longitudinal analysis of the thematic areas,
an overlay map of the keywords was produced over the
researched period. Figure 4 shows the evolution of keywords
in the scientific field, represented by means of an overlaid
map, with each subperiod highlighting the keywords that
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Fig.4 Longitudinal evolution of the research field on the overlaid map of the studied periods, obtained in the SCciMAT software
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obtained the most citations. The lines connecting the key-
word clusters represent the connecting force between the
words, and the thicker the line, the stronger the relationship
between the connected words.

For a detailed analysis in each research subperiod, the
data were synthesized in the form of strategic diagrams
for the research field (Fig. 5), which classified the clus-
ters according to their centrality and density. Centrality

measures the intensity of the links between a given cluster
and other clusters. The more numerous and stronger these
links are, the greater their importance for the research
field. According to Callon et al. [19] and Cobo et al. [14],
clusters are a necessary and essential crossing point for
anyone interested in investing efforts in the associated
clusters, directly or indirectly. The density provides a good
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representation of the ability of authors to maintain and,
over time, develop in the field of research.

The first research subperiod shown in Fig. SA presented
the word “aluminum alloy” as the motor theme with 3209
accumulated citations, an & index of 29, and citations in
225 documents. The words “Porosity” also appeared in the
quadrant of motor themes along with “Light-Metals” and
“Castability” with 261, 120, and 33 citations, respectively.
This demonstrates that, although the main motor theme
was “aluminum alloys,” the researchers made combinations
with these words in conjunction with the main word. For
the second subperiod represented by Fig. 5B, “Aluminum”
was highlighted as a motor theme (1228 citations) that was
strongly linked to the themes “Alloys,” “Melting Point,” and
“Liquid Metals,” that presented 408, 168, and 121 accumu-
lated citations, respectively, indicating that investigations
regarding the formation of aluminum alloys occurred during
this subperiod.

“Aluminum casting”” with 900 citations in 152 documents
stood out as the motor theme during the third subperiod, as
shown in Fig. 5C, showing a strong connection with “scrap-
metal-reprocessing” that was present in 316 citations in 42
documents and had an 4 index of 10. Thus, there was an

increased level of aluminum waste and scrap. In Fig. 5D,
“aluminum alloys” received 1289 citations in 152 documents
with an £ index of 16 and showed a strong connection with
“recycling,” “laser-beam-welding,” and “die-casting.” This
connection demonstrates the interest in forming alloys using
recycled materials, as well as in laser welding and pressure
casting processes.

The alloys were again highlighted in the last subperiod,
as shown in Fig. 5E, where they received 334 citations in
172 documents with an £ index of 8. In the quadrant with
the motor themes, the words “recycling,” “casting alloy,”
“3D-printers,” and “tensile-testing” had a strong connection
with the motor theme, indicating research interest related to
the formation of aluminum alloys, recycled materials, alloy
casting, three-dimensional (3D) printing, and stress tests. In
the lower right quadrant, the word “casting” stands out with
67 citations in 30 documents and an / index of 5, indicating
the word as basic or transversal, where this word lost the
connection with the motor themes of this subperiod.

Figure 6 shows an analysis of the main authors. These
authors represent the theoretical reference base for the
research that was carried out. According to the strategic
diagram analysis, the three main authors in each three-year

Fig.6 Strategic diagram
highlighting the authors in
each of the 5 subperiods
assessed, where A 2005-2007;
B 2008-2010; C 2011-2013; D
2014-2016; and E 2017-2019

density Saew, H.-C.
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Fig.6 (continued)

B.S.

coenrcaldy
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c S

period were identified based on their position in the stra-
tegic diagram, the number of documents published in the
subperiod, and their network of connections. Thus, the
reference for the state of the art of the research was defined
by the authors highlighted in each subperiod. In 6A, it
is Viswanathan, S., Su, X.M., and Yang, M.; in 6B, it is
Soares, D., Qingming, C., and Valtierra, S.; in 6C, it is
Yan, X., Mercado-Solis, R.D., and Wang, Y.; in 6D, it is
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Yan, X., Mercado-Solis, R.D., and Wang, Y.; and in 6E, it
is Li, Q., Wang, Y., Gehre, P., and Wang, H.

When analyzing the documents listed through a synthe-
sis of the main authors, a strong relationship was observed
among them; the authors that were cited in almost all ana-
lyzed subperiods were noticed, which indicated their impor-
tance and relevance in their research areas. In this sense, the
following authors can be highlighted: Valtierra, S. Liu, B.,
Wang, Y., Wang, T., and Wang, H. as well Soares, D., Yan,



Journal of Sustainable Metallurgy (2022) 8:945-963

953

X., Xu, Z., and Li, Q. These authors also share common
areas of research, according to Table 2.

The author frequency can be observed in the timeline
shown in Fig. 7.

Therefore, the basis of the SLR was shown, and then, we
presented the state of the art about the initial issues consid-
ering the highlights in the periods, keywords, and authors.

State of the Art
Aluminum Casting

The casting process was studied by different techniques.
Chirita et al. [48] presented the centrifugal effect on cast-
ings with functional reinforcement based on silicon par-
ticles. A solidification characterization was carried out at
various points of the mold during casting. An analysis of the
dynamics of the fluids inside the mold and the solidification

Table2 Common areas shared by the main authors of the period

behavior were verified in different parts of the component, as
well as the phase distribution, shape of the silicon eutectic,
and pore density. They compared the castings fabricated by
the centrifugal casting technique and by the gravity casting
technique and concluded that the centrifugal process did not
influence the chemical composition throughout the casting;
however, it interfered with the morphology and distribution
of the phases. These effects were related to the solidification
process during the nucleation stage. In addition, variables,
such as the fluid dynamics and vibrations, can explain the
difference in the metallurgical characteristics of the molten
material.

Chirita et al. [49] again mentioned that the main variable
that affects mechanical and metallurgical properties during
the process is the fluid dynamics.

As to the factors that influence the process of filling in
permanent molds with slit openings, Qingming et al. [53]
developed a real-time X-ray image monitoring system to

Aluminum in the automotive sector [23-28]
Process simulation, using computer systems and mathematical models [29-39]
Specific applications in the formation of aluminum-based alloys with the inclusion of other elements, offering new alloy proposals [40-47]
Casting processes, material development—analysis of microstructures and formation of grains and crystals of metallic structures dem- [48-58]
onstrated by optical microscopy, electron micrography, X-rays and chemical analysis, as well as physical and mechanical tests
Aluminum recycling [59, 60]
Fig.7 Timeline of relevant
. . 2004
authors in the research period Viswanathan, S. et al. | | Wang, Y. et al.
—2005———————
Wang, H., et al. Yan, X., Lin, J.C. Su, X.M. et al.
Liu, B., et al. Wang, Y., et al.
Valtierra, S., et al. Chirita, G., et al. Viswanathan et al. Li, Q. etal.
—————2008
Qingming, C., et al. Liu, B.,et al. Soares, D., et al.
2009
Chirita, G. et al.
Wang, Q., et al. Li, Q., etal. Liu, B., et al. Valtierra et al.

Valtierra, et al.

Wang et al.

2011
Liu, B., et al. || Valtierra et al. \Wang, T., et al. | | Valtierra, et al.
12

Time (Years)

Wang, H., et al.

Wang, T., et al.

Valtierra et al.

Yang et al.

Liu, B., et al.

Wang, Q., Gerard, D.
etal.

Wang, H., et al.

Wang, H., Liu, C., et
al.

Gehre, P., et al.

Wang, Y., Li, X. et al.

Wang, X., Li, Q., et al. Valtierra, S., et al.

Valtierra, S., et al. Liu, 1., Li, Q., et al.

2010
20

2020
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assess melt flow. Certain variables were identified, such as
the dimensions, groove thickness, roughness of the mold
coating layer, and the temperature at the top of the mold
cavity during the flow of molten material. The control of the
temperature gradient is considered to be fundamental during
the casting and solidification processes as well as during the
formation of the grains of the formed metal.

Casting of thin and complex aluminum walls can be car-
ried out with ceramic molds and castings against gravity. A
pressure adjustment is necessary to create a nonturbulent
flow and clear contours in the melt during solidification and
facilitate the shrinkage compensation during solidification
[57].

In previous research, these authors Xu et al. [S6] had
already investigated pressure casting to determine the
changes in the hydrogen content of molten aluminum in a
casting under adjusted pressure (CAP). The proposal was
to perform a new low-pressure casting process with degas-
sing by using a pressure adjustment. They also studied the
influence of the humidity in the air on the hydrogen content
during cyclic pressurization under vacuum, which positively
impacted the molten aluminum-refining process. Under the
condition of dry compressed air, the hydrogen content can
be maintained at a low level to facilitate the fabrication of
castings with a low porosity.

Wang et al. [55] investigated aluminum thin walls using
plaster molds combined with vacuum casting and solidifi-
cation under pressure. They performed a multipoint control
and optimized the casting time, casting position, mold tem-
perature, and casting temperature. The resulting thin walls
were considered according to the specification required for
this material.

Li et al. [50] developed a double-roll aluminum electro-
magnetic casting system with an independently controlled
three-phase AC/AC converter. Through harmonic analysis
and real-time measurement, they verified that the electro-
magnetic system had complex and rich harmonic waves
that could improve the quality of the samples. The spec-
trum analysis showed that the basic frequency of the current
of each phase was half the frequency that provided central
control. Metallographic analysis of the cast aluminum at a
frequency of 1070 by an AC/AC converter indicated that the
application of a converted electromagnetic AC/AC casting
system can also achieve the same grain refining effect as an
Al-Ti-B modifier, and the impurity elements were evenly
distributed.

Li et al. [51] researched the effect of a solution treat-
ment on the mechanical proprieties and microstructure of
an AA7085 alloy compared to that on an AA7050 alloy. The
results indicated that the high Zn content along with low Mg,
Cu, Fe, and Si contents made the AA7085 matrix a single
phase with an elevated melting temperature and multiphase
eutectics. Using a pretreatment with a low temperature, the

@ Springer

initial melting temperature of the alloy can be increased, and
thus, the complete dissolution of the remaining constituents
was achieved without overheating. With the elevation of the
last temperature of the solution treatment, the matrix super-
saturation degree and the cavity density were increased,
which resulted in an increased fracture toughness and in the
optimization of the microstructure after aging.

The application of a new coupling stirring DC casting
process for large aluminum ingots was studied by Wang
et al. [54]. Ingots comprising the 7075 alloy were produced
by a normal casting process with direct cooling (NDC) and
casting with direct cooling with coupling stirring (CDC).
The effect of the method on the microstructure, composition
segregation, and mechanical properties of the ingots indi-
cated that the temperature variation during the CDC casting
process was more uniform than that during the NDC cast-
ing process. The grains in the CDC ingots were finer and
more spherical than the grains in the NDC ingots. The grain
size at the edge, at 1/2 radius, and at the central position in
the CDC ingot decreased by 28%, 22%, and 24%, respec-
tively, compared to the grain size of the corresponding NDC
ingot positions. Billets with an improved performance and
decreased macro-segregation were obtained with the CDC
process. The flow stresses and the difference in the posi-
tions of the DC ingots, measured in the thermomechanical
simulator, decreased when an agitation technology was used.

Zhou et al. [58] evaluated the melt treatment by mix-
ing a high-temperature melt with a low-temperature melt to
refine a primary Al;Fe compound. The experimental results
proved that a fusion treatment could improve the morphol-
ogy and refine the Al;Fe. The alloy without fusion treatment
was composed mainly of thick and long Al;Fe needle-like
structures that were poorly distributed and nonuniform. Fur-
thermore, the uniformity and density of the microstructure
were greatly improved. The results also suggested that an
improved combination of high- and low-temperature melts
existed. Temperatures that were too high led to coarse micro-
structures. The results of X-ray diffraction showed that the
iron-rich compounds in the alloy with or without treatment
were not changed and were still a-Al and Al;Fe compounds.
The main reasons for refining the microstructure included
raising the nucleation rate and inhibiting the growth along
the preferred orientation.

The effect of the initial microstructure of the A356 alloys
through the mechanical behavior in the semisolid state was
evaluated by Ning et al. [52]. A wide range of initial micro-
structures from a very thick dendritic structure to a fine glob-
ular structure was considered. These microstructures were
produced in an A356 alloy using the method of controlled
nucleation where the temperature of the flow was monitored
during solidification. Materials produced with low overheat-
ing exhibited a fine globular structure; they presented a very
low compression stress in the semisolid state compared to
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materials cast at high temperatures, which had a thick and
dendritic structure.

Aluminum Alloy Formation

Alloy formation was widely explored by several authors in
the last 15 years. Aluminum-based alloys offer several pos-
sibilities and variations, enabling applications in many areas.
Al-Si alloys were one of the most studied alloys. Wang et al.
[44] analyzed Al-Si alloy fabrication using the carbothermal
smelting process of aluminum ore. The formation of impuri-
ties, such as iron, manganese, magnesium, and chromium
oxides, were observed, but these impurities were removed
through the filtration temperature control.

To improve the properties of the aluminum alloy based
on Al-Si, Mohamed et al. [41] analyzed the influence of the
addition of tin on the microstructure and mechanical prop-
erties in Al-Si—Cu and Al-Si-Mg alloys. Tin caused varia-
tions in the ductility and toughness of the alloys; however,
it did not affect the resistance to flow and mainly impacted
the stress—strain state in the matrix.

Canales et al. [40] also tested the mechanical properties
of an Al-Si—Cu alloy that was fused and heat treated. The
Si content was 5—-11%, Fe was 0.3—-0.8%, Cu was 3.1-3.5%,
Mn was 0.4-0.45%, and Mg was 0.27-0.32%. The mechani-
cal properties were affected to a larger extent by the micro-
structural refinement than by the amount of silicon added.
Heat treatment increased the yield and tensile strengths but
reduced the ductility of the material.

The liquid metal cleaning analyzer (LiMCA) technique
was used by Samuel et al. [42] to produce high-quality cast
aluminum, where cleaning by melting implies a relation-
ship between the performance and quality of the product in
addition to the inclusions in the molten metal. Therefore, the
LiMCA technique was employed to investigate the ability to
measure inclusions, such as Al,O5, Al,C;, MgO, CaO, TiB,
and TiAl,, that are normally found in aluminum alloys. The
technique captures clusters of TiB, in the probe tube, which
measures these clusters without clogging the filters. This
is unlike other techniques, where clogging occurs and the
measurements are interrupted. Thus, the LIMCA technique
is recommended since Al-Ti-B alloys are used regularly for
the refining of aluminum-based casting alloys.

Xu et al. [45] evaluated the use of Ti and Co as a wetting
layer to fill the aluminum gap and evaluate the impacts of
resistivity on the alloy. A chemical mechanical polishing
(CMP) model was used in the aluminum. The model pro-
vided clear guidance for the selection criteria for the wetting
layers, optimization of the deposition process, and consump-
tion design.

A radio-frequency (RF) plasma synthesis system was
designed as a high-temperature source to produce Al,O;
with 99.95% of the purity of the powder. The production

was from aluminum cast slag and the results indicated the
potential for commercialization [46].

Wang et al. [43] investigated the effect of adding Si on
the stability of the Al-10Ti—5Cu—xSi interface. The SiC and
Al-10Ti-5Cu—xSi alloys were compacted to obtain a stable
interface with a 10% Si load. An analysis of the processing
conditions and microstructures indicated that an excellent
Ti;SiC, phase was formed and the Al,C; phase, which is a
harmful substance, was successfully eliminated by adding
a 10% Si load to the Al-10Ti—5Cu alloy. The formation of
Ti,SiC, initially increased and then decreased, while the for-
mation of Al,C; was gradually inhibited by the Si content.
The Ti;SiC, had good chemical stability and flexibility; how-
ever, Al,C; deteriorated in a few days in composites exposed
to environmental conditions. The presence of Ti;SiC, at the
interface and the elimination of Al,C, improved the bonding
of the Al-10Ti—5Cu—xSi alloy to SiC, thus improving the
interfacial stability of the Al-10Ti—5Cu—xSi/SiC.

In a similar structure, the microstructure and properties
of Al-Ga alloys with different Mg/Sn ratios were studied by
Zhang et al. [47]. The degradability of Al-Ga alloys has a
potential application in oil and gas fields, where their use is
restricted by a low strength and expensive cost. The rate of
controlled degradation, an adequate compressive strength
and a low cost are the crucial issues to be overcome for
the application of Al-Ga alloys to components in oil and
gas fields. Multielement AI-Mg—Sn—Ga alloys with differ-
ent Mg/Sn ratios were prepared in an electric melting fur-
nace. The results indicated that the AI-Mg—Sn—Ga alloys
consisted mainly of an Al matrix phase and a Mg,Sn phase.
With an increase in the Mg/Sn ratio, the content of the
Mg,Sn phase gradually increased, accompanied by the mor-
phological conversion of the Mg,Sn phase from an irregular
block to a petal-like structure. The Al;Mg, phase appeared
when the Mg/Sn ratio was greater than 2/1. In addition,
when the Mg/Sn ratio in the AI-Mg—Sn—Ga alloy increased
from 1/4 to 3/1, the corresponding hardness improved from
HV 64.9 to HV 152, and the compressive strength increased
to 540 MPa from 382 MPa, respectively.

Recycling Materials

The inclusion of recycled and secondary materials was
explored by several research groups [61-66]. The incorpo-
ration of aluminum shavings from machining chips within a
foundry plant was carried out, and the efficiency of the recy-
cling depended on the conditioning of the material, melting
technique, and treatment methodology of the melted metals.
In addition, minimum rates of slag formation and utilization
of approximately 90% of the recycled material without the
use of salts and scorifying flows was possible [59].
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Wei et al. [60] conducted a review of recycling aluminum
alloy waste. Due to their low density, high strength, good
corrosion resistance, and other excellent properties, alu-
minum alloys have become the second most commonly used
metal material. In recent years, increasing attention has been
given to recycling aluminum alloy waste, which not only
effectively alleviates the global scarcity of bauxite resources
but also contributes to the sustainable development of the
economy. In the aerospace industry, there are high perfor-
mance requirements for aluminum alloys, and aluminum
alloys used for aerospace applications contain many types
of alloy elements and have a high recycling value. With
decades of research and exploration, there are still prob-
lems that limit recycling, such as unstable product quality,
high burning rate, and severe oxidation. The technologies
of heavy-medium separation, fusion of double-chamber fur-
naces, metamorphic treatment equipment, and laser reading
equipment were successively developed.

Recently, the production of alloys with recycled alu-
minum from cans that incorporate rice husk ash, magne-
sium, and copper was studied with excellent results and
demonstrated potential for use. The results showed the use
of 52% (w/v) cast aluminum cans. Due to the incorporation
of rice husk ash (RHA), there was a reduction in the density
of the melt, but the hardness of the formed alloy increased
(23%). In addition, this increase in the addition of RHA
decreased the fragility of the material, according to Charpy
impact force analysis [5].

A summary of the commonly used aluminum alloy
types, the equipment, and technologies used in the recycling

Fig. 8 Aluminum scrap scheme

Water

process, including pretreatment, reflow regeneration, and
refining, is shown in Fig. 8. The main authors associated
with aluminum alloy residue pretreatment are also associ-
ated aluminum casting [48—58] aluminum recycling [5, 59,
60] automotive boards [23, 25-27], and especially aluminum
alloys [34, 40-47].

According to Wei et al. [60], the material previously
selected by the pretreatment phase proceeds to the casting
process. Casting occurs individually by the type of mate-
rial, generating secondary aluminum ingots according to the
properties of the recycled material. Figure 9 presents the
casting process diagram.

Proposals for Applications in the Automotive Sector

The automobile sector is the target of research by several
authors, and we detected research that presented solutions
involving the production of cast aluminum alloys.

Han et al. [27] developed a technology for the produc-
tion of aluminum alloy inserts reinforced with the addition
of steel, nickel, and copper in addition to steel, nickel, and
silver. The authors performed a push-out experiment that
indicated improved results in terms of the strength and pre-
vented direct contact between the aluminum and steel; how-
ever, during the casting process, undesirable phases formed.
Gonzélez et al. [26] evaluated the fatigue strength of an
aluminum alloy removed from engine blocks. The stress-
compression tests indicated that the fatigue cracks originated
in the pores, where they started cracking below a nominal
stress of 120 MPa.

Mechanical griding —p-_ Therma.l,ci.\emlcal
stripping

Flotation magnetic separation

l

@ Springer

[T



Journal of Sustainable Metallurgy (2022) 8:945-963

957

Fig.9 Remelting regeneration
process diagram of the waste
aluminum alloys according Wei
et al. [60]

200 kg ton coke
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Similarly, Carrera et al. [23] analyzed the influence
of the quenching rate on the residual stresses in engine
blocks. The aluminum cast used a gray iron coating to
provide wear resistance in the block holes. The smelting
process occurred with the iron coating addition before
the liquid aluminum was drained into the cavity. Residual
stresses were produced by the difference in the thermal
expansion of the iron and aluminum due to different cool-
ing rates being used and were measured by tension meters.

Carrera et al. [24] studied the residual stresses in cast
aluminum complexes and the working conditions in the
combustion chamber of engine blocks, which forced the
use of a liners capable of resisting the pressure and wear
caused by the pistons. In this process, the gray iron coating
was inserted after the engine block solidified and molded
into the block. Depending on the geometry and size of the
part, the stresses can be over 150 MPa.

The fatigue resistance was important in the investiga-
tions. Gonzélez et al. [25] predicted the failure cycles that
molten aluminum was able to sustain in the engine bulk-
heads. They also pointed out that cracks occurred in the
pores located near the surface of the samples and con-
cluded that resistance to fatigue was affected by micro-
structural refining. Wang et al. [28] presented the latest
advances in cast aluminum parts in structural automotive
applications. They reviewed technologies for alloy design,
fusion processes, fusion treatments, casting processes, and
heat treatments. The robust development of high-integrity
aluminum parts was accomplished with the integrated
component materials of engineering (ICME) computa-
tional approach.

~——  Adding accessories

———>» Heating and melting <«——

Metal melt

Raw materials

<«——— Automatic ingredients

850°C-1050°C

Covering agent
(NaCl+KCl+NasAlFs)

Furnace refining

! !

Waste gases and
residues

Proposals for Computational and Simulation Models

Simulations using computational models were shown to be
representative in the area of casting processes and forma-
tion of aluminum-based alloys. The prediction of defects,
such as cracks, during the casting process was researched
by Long et al. [32], and they achieved results consistent
with the cracking index that was established based on the
stress/strength ratio in a hot melt of an ingot. Likewise, Alli-
son et al. [29] carried out an integrated approach between
materials and component engineering (ICME) in addition
to using virtual aluminum casting techniques (VAC) that
were implemented at the Ford Motor Company, where they
demonstrated the feasibility and benefits of manufacturing
processes for engine blocks that pushed aluminum alloys to
the limit of their capacities.

Yan and Lin [39] evaluated the predictability of the ten-
dency to hot break for multicomponent aluminum alloys.
The calculation interface of the multicomponent phase
balance has been extended to models of higher-order sys-
tems. The results of the simulations were correlated with
experimental results and proved this efficiency. The use of
simulation forecasting systems using an ICME approach was
used by Gu et al. [30] employing 3D models based on cel-
lular automation (CA). It was developed to predict the grain
size of components produced by aluminum die-casting. Pro-
CAST molding process simulation software based on finite
elements was used. The tool verified the grain morphology,
density, and size by CA modeling. The simulation results
were validated by experimental results, and its use in the
development of aluminum castings was recommended.
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Xu et al. [38] also applied CA modeling; however, they
applied a modified simulation model to the microstructural
evolution of aluminum alloy castings. The diffusion of sol-
utes in the liquid and solid phases was also considered in
the development of a grain growth model. With the models
developed, not only the grain structure but also the dendritic
microstructure could be predicted during the solidification
process.

Liu et al. [67] studied the dendritic morphology of mag-
nesium and aluminum alloy solidification process using
cellular automata and phase field methods, mathematical
models for the segregation of large steel ingots and micro-
structural models for the casting of unidirectionally solidi-
fied turbine blades.

In the computational tools used for virtual casting, the
cast aluminum requires an improved quality and reliability
and a quantifiable performance. The effort was dedicated to
the development of robust and accurate computational mod-
els, where numerous modeling and simulation techniques
could be applied in the practice of aluminum casting and
subsequent processing, allowing designers and engineers
to develop the components obtained by aluminum casting
with minimal costs [35]. The Bayesian analysis method
was applied in the optimization of permanent casting mold
design. Therefore, the use of statistical methods was applied
to measure the effects of mold designs and the operational
parameters of the casting process on mechanical properties
[37].

A contraction defect model related to the feed flow of
aluminum castings was also evaluated [33]. A 3D model was
developed and predicts the formation of contraction defects
associated with the continuous phenomena in interaction.
The model solves the macroscopic conservation equations
coupled to the mass, moment and energy with a phase
change during solidification. This advanced retraction model
was successfully experimentally validated using two Al-Si
alloys, a eutectic alloy and a hypoeutectic alloy.

Before this, Liu et al. [68] reviewed the macro- and
micro-solidification modeling method for aluminum cast-
ings. They used numerical methods to improve and under-
stand on a computational scale the filling of the mold and
the solidification of the aluminum alloy. The experimental
results showed that the studied models feasibly describe the
formation and evolution of the microstructure of the alloy.

Currently, there are analyses of the grain mechanism of
the ultrasonic vibration depth in large-diameter aluminum
ingots for hot casting. The test results of the solidified
microstructure of an aluminum alloy ingot were confirmed
by the results of a sound field simulation developed with
a finite element software, such as ANSYS. Such software
presented the mechanism of the microstructure refinement
of the aluminum alloy ingot under different depths of vibra-
tion. In addition, with an increase in the vibrational depth of
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the supersonic radiation rod, the entire cross section of the
ingot was refined, and the shape of the grain changed from
developed dendrites to equiaxial dendrites. Due to the final
faces of the ultrasonic radiation rod, there was a vibrational
peak in the fixed position, which led to different ultrasonic
cavities under different ultrasonic vibrational depths in the
aluminum melt, corresponding to different mechanisms for
refining the solidified structure [36].

With casting process simulation, Wang et al. [34] studied
the criterion of statistical cracking of silica sand bonded to
a resin. Crack mold/core sand can result in many casting
defects. A robust cracking criterion is required to predict/
control these defects. A crack probability map related to
the fracture stress and effective volume was proposed for
resin-bonded silica sand based on Weibull statistics. The
results of three-point flexion tests of the sand samples were
used to generate the crack map and establish a safety line
for the crack criterion. The tension and deformation behav-
ior and the effective volume of the molds for the samples
were calculated using the ProCAST® finite element code. In
addition, a fractographic examination by dispersive energy
spectroscopy of the sand samples confirmed the cracking of
the silica sand bonded to the resin.

Thus, there is a great possibility of exploring solu-
tions using simulation environments and software, such as
ANSYS, and applying numerical models as finite elements,
Bayesian analysis, 3D models, as well as in the application
of engineering models of computational materials integrated
(ICME). Simulation models offer the possibility to conduct
research without the need to involve test equipment or mate-
rials to carry out the experiments.

General Approach from Research Questions

According to the approach taken, we presented the solutions
and innovations regarding the highlighted research priori-
ties. In addition, for the state of the art, we address the pro-
duction processes and aluminum recycling issues. Figure 10
presents the types of aluminum waste and types of casting
processes that exist.

The specific approach to the recycling and casting of alu-
minum beverage cans was not highlighted in the state-of-the-
art approach presented above. However, several important
views were presented, which enable innovation in favor of
sustainable aluminum recycling, as expected for the study
of research topic A described in the methodology. Puga
et al. [59] highlighted the reuse of aluminum chips from
the metallurgical industry. They emphasized that recycling
efficiency depends on the conditioning of the cast material,
the melting technique, and the chips treatment methodology.
In this industry, the recycled yield was approximately 90%,
without the use of scorifying salts, resulting in minimum
rates in the formation of slag.
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Fig. 10 Types of aluminum
waste and types of casting
processes
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Aluminum recycling effectively alleviates the global
scarcity of bauxite resources and contributes to sustainable
development in the use of aluminum cans. Due to its low
density and high resistance, aluminum alloys have become
the second most explored metallic material. With decades of
research and exploration, there are still problems that limit
recycling, such as unstable product quality, high burning
rate, and severe oxidation. Separation technologies therefore
need to be developed [60].

Research topic B focused on the aluminum smelting pro-
cesses, methods and techniques that are necessary to make
aluminum exploitation feasible.

Chirita et al. [48] studied the centrifugal effects in cast-
ings with functional reinforcements based on silicon par-
ticles. Zeng et al. [57] proposed a manufacturing process
for aluminum casting with thin and complex walls. In this
research, they applied casting techniques against gravity.
Xu et al. [56] studied the conditions to verify changes in
the hydrogen content of molten aluminum during casting
under adjusted pressure (CAP). In a new proposal, the same
authors carried out a new low-pressure casting process with
a degassing function that employed a pressure adjustment.

Likewise, Wang et al. [55] investigated the production
of thin-walled aluminum castings using plaster molds com-
bined with vacuum casting and solidification under pres-
sure. Li et al. [50] developed an electromagnetic aluminum
casting system using a double roller with an independently
controlled three-phase AC/AC converter. Similarly, Li et al.
[51] studied the effect of treating the staggered solution on
the mechanical properties and microstructure of an AA7085
alloy and compared the results to those of an AA7050 alloy.
In addition, Wang et al. [54] conducted the application of a
new coupling agitation in the DC casting process for large

aluminum ingots. Zhou et al. [58] evaluated the fusion treat-
ment by mixing with low melting temperature to refine the
primary compound of Al;Fe. Ning et al. [52] evaluated the
effect of the initial microstructure of A356 alloys on the
mechanical behavior in the semisolid state.

Thus, throughout the research period, there were several
attempts in the search for new casting technologies and pro-
cesses to achieve advances in the casting area. Techniques
have been proposed in the area of centrifugal casting, such as
a technique against gravity, a technique under low pressure,
and leakage methods involving thin walls, vacuum casting,
and solidification under pressure.

Research topic C involved the current state of secondary
aluminum alloy formation as well as applications after the
formation of alloys. The formation of alloys from the use of
secondary aluminum as a base still presents many possibili-
ties for exploration. There are numerous possibilities in the
area of metal alloy formation with aluminum as the basis
for the alloy. The great challenge is to increase the possibili-
ties of applying secondary aluminum and, in addition to the
existing applications, to increase the percentage of second-
ary aluminum in the alloys. The research demonstrated sev-
eral structures based on primary and secondary aluminum.

We highlighted an Al-Si alloy that was produced by car-
bothermic melting of aluminum ore by Wang et al. [44]; the
influence of Sn addition on microstructural and mechanical
proprieties in Al-Si—Cu and Al-Si—-Mg by Mohamed et al.
[41]; Al-Si—Cu melting alloys thermally treated by Canales
et al. [40]; and high-quality casted Al purified by fusion
and with inclusions by Samuel et al. [40]. The impact of the
resistivity of an alloy was also analyzed, and the use of Ti
and Co as a wetting layer to fill the gaps in the aluminum
castings was explored [45].
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The casting of aluminum from a slag using a radio fre-
quency plasma produced a fine powder of Al,O; that was
studied by Yang et al. [46]. The effect of Si addition on the
stability of the Al-10Ti—5Cu—xSi interface was evaluated by
Wang et al. [43] and, similarly, Zhang et al. [47] presented
the proprieties and microstructure of Al-Ga alloys with dif-
ferent Mg/Sn ratios.

Therefore, the formation of alloys was widely explored
during the research period. The major obstacle is to expand
the possibilities for recycling and reprocessing of second-
ary aluminum to form alloys. Optimization techniques were
presented for the formation of alloys and the reduction of
slag formation, which is a major concern during aluminum
reprocessing.

It was also observed that recycling cans is rarely explored
in research, although it is generally explored through the use
of secondary aluminum. Indeed, these cans are directed to
large recyclers, mixed with the other aluminum scraps, and
melted in the same process. Table 3 presents a summary
of the main perspectives and challenges in the aluminum
recycling area.

Final Considerations

Several possibilities of sustainable applications and solu-
tions for secondary aluminum transforming into new prod-
ucts were presented. Analysis was carried out regarding the
longitudinal reach and evolution of the motor themes, the

evolution of the publications of the authors who stood out in
the research period, and the identification of the networks of
connections of the authors with SciMAT. Authors and their
relations with other researchers in the scientific community
were investigated, providing a broad view in terms of the
scope of the area.

The research topics were addressed initially through the
keywords. The analysis period was established for the last
15 years of research. At the beginning of the studied period,
there was a concentration of research on the topic of alu-
minum alloys addressed to research topic C (formation of
aluminum-based alloys and their applications). In the same
way, there was a concentration of research on the word "alu-
minum," showing the interest of researchers in the explora-
tion of the metal, its physical and mechanical properties, and
the conditions of metal fusion.

In the third subperiod from 2011 to 2013, the term
“recycling” covered in research topic A (aluminum recy-
cling) began to be investigated in the research field, gained
importance in the following periods, and in the final period,
was at the same level of significance as the keyword “alloy
aluminum." This connection demonstrates a clear interest
in the relationship of recycled aluminum to the formation
of aluminum-based alloys and connected research topics A
to C. Certainly, the keyword "casting" needs to be between
recycling metals and forming alloys. The overlaid map dem-
onstrates the relevance of the word “casting” by presenting
compound words as connected motor themes. Thus, the key-
words “aluminum casting” and “aluminum cast alloys” link

Table 3 Main challenges and perspectives in the area of recycling, casting, and forming aluminum alloys

Researches topics Challenges

A Aluminum recycling

Improve recycling processes through sustainable technologies

Increase ecological disposal topics in urban centers

Increase of secondary aluminum use from casting process and eliminate the bauxite ore mining the

earth's crust

Improve reverse logistics processes in order to increase the return of materials for reuse and repro-

cessing

Optimize pretreatment, separation and refining techniques so that production with higher quality

occurs

B Aluminum casting process
secondary aluminum

Carry out casting processes in order to reduce the formation of slag, and thus increase the use of

Optimize energy consumption in smelting processes using renewable energies

Reconcile the properties of aluminum with the casting processes, in order to improve its performance

Use computational models and simulation and virtual casting in order to verify the most reliable and
quantifiable performance of the casting process

C Formation of aluminum-based alloys

Increase the percentage of addition of secondary aluminum in the formation of metal alloys

Evaluate new applications of metal alloys in order to increase the possibilities of adding secondary
aluminum in the formation of alloys

Conduct research with the aim of promoting the replacement of primary aluminum by secondary,

encouraging sustainability

Evaluate metals to add into of aluminum alloys, can improve its performance and quality of the

formed alloy
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these themes, proving that research topics A, B, and C are
connected in the scientific field. This representativeness is
also demonstrated through the connection networks of the
motor theme in each studied subperiod.

The engine network connection tool was extremely
important for the research. The motor word, highlighted in
the center of the network, was connected by all the words
that have research links, suggesting future search proposals
for new research to be explored. Thus, it was possible to
highlight the connections between "aluminum alloys" and
"solidification," "microstructure,”" "metal melting." When
the word "aluminum" was indicated as a motor theme, it
demonstrated a strong relationship with "metal casting,"
"aluminum casting," "smelting," and "metal melting" and
formed a combination of keywords that could be used to
look for aluminum, the formation of alloys, and their prop-
erties. Research interested in aluminum smelting processes
was also included in this SLR.

The scientific field of the keyword "aluminum casting"
also demonstrated a network with the words "metal casting,"
"microstructure,” "chemical properties," "solidification,"
"porosity," and "casting process." Therefore, it is recom-
mended for future research connected to the melting area
focused on the metal microstructure, chemical properties,
solidification processes, cooling processes, pore formation
in molten metal alloys, and casting process exploration.

It was possible to carry out an in-depth analysis by delv-
ing into the state of the art of the research topics. The term
“aluminum” was highlighted as a central word connected to
several areas of study. In this way, future research will be
able to explore the field formed by aluminum and recycling
processes that can be from diverse origins, such as machin-
ing chips, industrial waste, aluminum cans, and metals from
urban recycling, as well as waste from the casting industry
itself. It will not be possible to carry out such exploration,
without making a connection with the casting processes,
since the transformation of the metal goes through the
casting processes. Naturally, the casting processes are con-
nected with the alloying processes, including other metals,
that form new compositions. These new compositions can
be diverse and have similar applications. There are numer-
ous possibilities for the use of metal alloys in commercial
applications, the formation of new products, and improving
the life cycle of materials.
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