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Abstract

Brazilian recycled aluminum alloys are increasingly used in automotive, construction, and lightweight
structural applications due to their favorable strength-to-weight ratio, corrosion resistance, and
sustainability advantages. The heterogeneous composition of scrap materials, including automotive,
industrial, and consumer sources, introduces challenges in achieving consistent mechanical
performance. This paper reviews the mechanisms by which heat treatment affects tensile strength and
hardness, emphasizing solution treatment, artificial and natural aging, precipitation hardening, solid
solution strengthening, grain refinement, and residual stress interactions. Industrial case studies in
Brazil illustrate how tailored heat treatment protocols mitigate material variability, optimize mechanical
properties, and support sustainable production practices. Theoretical insights and mechanistic models
are discussed to guide future research and industrial implementation, providing a framework for
improving performance predictability in heterogeneous recycled aluminum batches.

Keywords: recycled aluminum, heat treatment, tensile strength, hardness, precipitation hardening,
grain refinement, residual stress, Brazilian industry

1. Introduction required for primary aluminum production,
making it  both economically and

1.1 Overview of Recycled Aluminum in Brazil
environmentally attractive.

Brazil has a well-established aluminum recycling
sector, largely driven by its automotive and
industrial metal industries. In 2024, estimates
suggest that recycled aluminum accounted for
roughly 30-35% of the national aluminum
consumption, with major contributions coming
from used beverage cans, industrial scrap, and
end-of-life automotive components. The energy
savings are substantial—recycling aluminum
consumes only about 5-10% of the energy

The automotive sector is the largest consumer of
recycled aluminum in Brazil. Body panels, engine
blocks, and structural components increasingly
incorporate recycled alloys due to their favorable
strength-to-weight ratio, cost efficiency, and the
country’s push toward lighter, fuel-efficient
vehicles. In the construction industry, recycled
aluminum is commonly used in window frames,
roofing, and curtain walls, where its corrosion
resistance and recyclability provide practical
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advantages. Some industrial reports note that in
Sao Paulo alone, recycled aluminum from
industrial scrap has supplied over 20,000 tons
annually to local manufacturers.

Despite the benefits, recycled aluminum presents
challenges due to the heterogeneity of source
materials. Variations in alloying elements—
particularly copper, magnesium, silicon, and
iron—can influence mechanical properties like
tensile strength and hardness. Moreover, residual
impurities such as zinc or lead can exacerbate
brittleness or reduce corrosion resistance. Prior
processing histories, including casting methods
and exposure to high temperatures, further affect
microstructure uniformity. These factors make it
difficult to ensure consistent mechanical
performance across recycled batches without
appropriate treatment.

1.2 Importance of Heat Treatment

Heat treatment plays a critical role in defining the
mechanical performance of recycled aluminum
alloys. Unlike virgin alloys, recycled aluminum
often exhibits heterogeneous microstructures
due to variable alloying elements and prior
processing histories. Without proper heat
treatment, these variations can lead to
inconsistent tensile strength and hardness, which
is a major concern for industrial applications such
as automotive components or structural parts.

In Brazil, studies and industrial reports indicate
that properly heat-treated recycled aluminum
can achieve tensile strengths between 150 and 250
MPa, depending on the alloy composition and
treatment protocol, while untreated material may
fall below 120 MPa in some cases. Hardness
improvements are similarly significant: Vickers
hardness values can increase by 15-25% after
artificial aging for 4-6 hours at around 160-
180°C, compared with untreated recycled
batches.

Heat treatment methods, including solution
treatment followed by artificial or natural aging,
influence microstructural evolution such as
precipitate formation, grain homogenization,
and redistribution of residual stresses. These
changes directly impact mechanical properties by
promoting grain boundary strengthening and
precipitation hardening, which together improve
resistance to deformation under load.

The importance of heat treatment is especially
pronounced for recycled alloys in high-
performance sectors. For example, automotive
engine components must withstand repeated
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stress cycles and thermal fluctuations; without
controlled heat treatment, recycled aluminum
could suffer from premature fatigue or localized
failure. In construction, heat-treated recycled
aluminum ensures consistent load-bearing
capacity in structural profiles, reducing the risk
of microcracking or warping during fabrication.

1.3 Challenges of Material Heterogeneity

Recycled aluminum alloys in Brazil present a
considerable challenge due to the heterogeneity
of source materials. The composition of scrap
aluminum varies widely depending on its origin,
whether from beverage cans, industrial waste, or
automotive components. Reports indicate that
iron content in recycled batches can range from
0.3% to 1.2%, while silicon may vary between
0.5% and 1.5%, causing inconsistencies
mechanical properties and microstructure.

in

The variability in alloying elements leads to non-
uniform grain structures and unpredictable
precipitation ~ behavior  during  thermal
processing. For example, higher iron content can
form coarse intermetallic phases, which act as
stress concentrators and reduce ductility.
Similarly, residual copper or magnesium from
previous usage can create localized hardness
variations after heat treatment.

Processing history adds another layer of
complexity. Recycled aluminum may have been
exposed to multiple casting cycles, mechanical
work, or partial melting, resulting
heterogeneous distribution of residual stresses.
These internal stresses can contribute to warping
or uneven mechanical responses when
components are loaded, particularly in structural
or automotive applications.

in

Another factor is contamination from non-
aluminum materials, such as plastics, coatings, or
other metals, which are often difficult to
completely remove. Even trace amounts of these
contaminants can lead to microstructural defects,
porosity, or corrosion initiation sites, further
complicating the prediction of mechanical
behavior.

Industrial consistency requires careful sorting
and pre-processing, but even with advanced
separation, achieving uniformity across recycled
batches remains a challenge. This heterogeneity
makes it difficult to guarantee tensile strength or
hardness specifications without tailored heat
treatment protocols.

1.4 Study Objectives and Paper Structure
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The primary objective of this paper is to analyze
the mechanisms by which heat treatment affects
tensile strength and hardness in recycled
aluminum alloys produced in Brazil. Rather than
relying on new experimental data, the study
synthesizes existing literature and theoretical
models to understand how microstructural
evolution, alloy composition, and thermal
processing interact to influence mechanical
properties. The paper also aims to highlight
implications  for industrial  applications,
particularly in the automotive and construction
sectors, where material consistency and
performance reliability are critical.

The structure of the paper follows a logical
progression from background to application.
Following the introduction, Section 2 provides a
detailed overview of recycled aluminum alloys in
Brazil, including sources, typical composition,
industrial uses, and material challenges. Section
3 examines the heat treatment methods
commonly applied to aluminum alloys and
discusses the theoretical microstructural changes
that occur during these processes. Section 4
focuses on the mechanisms of strengthening,
such as grain refinement, precipitation
hardening, solid solution effects, and residual
stress contributions.

Section 5 synthesizes insights from the literature,
comparing recycled alloys to virgin materials and
identifying gaps in current understanding.
Section 6 explores the industrial relevance of
heat-treated recycled aluminum, emphasizing
practical considerations for application and
process optimization. Section 7 discusses
challenges and future research directions,
including material heterogeneity, modeling
approaches, and sustainability considerations.
The paper concludes in Section 8, summarizing
key mechanisms and theoretical implications for
the Brazilian context.

2. Recycled Aluminum Alloys
2.1 Sources and Industrial Processing

Recycled aluminum in Brazil is primarily derived
from three sources: industrial scrap, end-of-life
automotive components, and post-consumer
packaging such as beverage cans. According to
the Brazilian Aluminum Association, industrial
scrap contributes roughly 45-50% of recycled
material, with automotive scrap accounting for
30-35%, and consumer packaging the remaining
portion. The recycling process not only conserves
energy but also reduces greenhouse gas
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emissions, with energy consumption reported to
be as low as 5-10% compared to primary
aluminum production.

The industrial processing of recycled aluminum
begins with collection and sorting, where
materials are separated by alloy type and cleaned
of contaminants such as plastics, coatings, or
other metals. Advanced facilities in Sao Paulo
and Minas Gerais employ eddy current
separation and magnetic sorting to improve
purity. Once sorted, the aluminum scrap is
shredded and melted in induction furnaces or
reverberatory furnaces, often with flux agents
added to remove oxides and other impurities.
The molten aluminum is then cast into ingots or
billets, which are subsequently rolled, extruded,
or formed into semi-finished products
depending on end-use requirements.

Differences in scrap origin and pre-processing
can significantly influence the chemical
composition of recycled alloys. Automotive
scraps may contain higher copper or magnesium
content, while beverage cans are typically
enriched in manganese and low in iron.
Industrial scrap exhibits wide variability
depending on prior usage and thermal history.
These differences affect the microstructure of the
recycled and its response to
subsequent heat treatment.

aluminum

Brazilian industry has increasingly adopted
automated sorting and process control
technologies to mitigate these variations. Some
facilities report that consistent control of melting
temperatures and flux composition can reduce
impurity levels by 20-30%, improving the
predictability = of  mechanical  properties.
However, due to the intrinsic heterogeneity of
recycled scrap, uniformity across batches
remains a challenge for applications requiring
high tensile strength and hardness.

2.2 Typical Composition and Variability

The chemical composition of recycled aluminum
alloys in Brazil varies depending on the source
and prior usage of the scrap material. Analyses of
industrial and automotive scrap indicate that
aluminum content typically ranges from 92% to
98%, with silicon, iron, copper, magnesium, and
manganese as the primary alloying elements.
Iron content can fluctuate between 0.3% and
1.2%, which is significant because even small
increases can lead to the formation of coarse
intermetallic phases, reducing ductility and
workability. Silicon content generally falls in the
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04% to 1.5% range, affecting hardness and
casting behavior.

Automotive scrap tends to contain higher levels
of copper and magnesium, enhancing strength
but also increasing sensitivity to thermal
treatment. In contrast, beverage cans and
packaging materials are usually low in copper
but have consistent manganese content, which
contributes to corrosion resistance. Industrial
scrap from construction and manufacturing
processes is more heterogeneous, often
containing residual zinc, lead, or other trace
elements that can form localized inclusions and
affect mechanical performance.

Variability also arises from differences in
processing  history. Aluminum that has
undergone multiple casting cycles or prolonged
exposure to high temperatures may contain
segregation zones and non-uniform precipitates.
These microstructural inconsistencies influence
how the material responds to subsequent heat
treatment, particularly aging processes intended
to increase hardness and tensile strength.

Some Brazilian recycling facilities attempt to
mitigate composition variability by blending
multiple scrap batches and implementing
chemical analysis before casting. Reports indicate
that careful monitoring of alloy composition and
impurity levels can improve batch-to-batch
consistency by up to 15-20%, though absolute
uniformity remains difficult to achieve. These
fluctuations in chemical composition underscore
the importance of understanding how heat
treatment interacts with recycled aluminum to
achieve predictable mechanical performance.

2.3 Key Industrial Applications

Recycled aluminum alloys in Brazil are
extensively used across multiple industrial
sectors, with automotive and construction
applications being the most prominent. In the
automotive industry, recycled aluminum is
increasingly =~ incorporated into engine
components, transmission housings, body
panels, and suspension parts. The combination of
a high strength-to-weight ratio and cost-
effectiveness makes these alloys attractive for
manufacturers focused on fuel efficiency and
vehicle lightweighting. Some reports indicate
that major Brazilian automotive plants use
approximately 15,000-20,000 tons of recycled
aluminum per year in production, representing a
significant portion of their non-ferrous material
requirements.
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In construction, recycled aluminum finds
applications in window and door frames, curtain
walls, roofing panels, and facade elements. Its
resistance and recyclability are
particularly valued in tropical and coastal regions
such as Rio de Janeiro and Sao Paulo, where
exposure to humidity and salt-laden air is
common. Structural profiles made from recycled
aluminum must meet rigorous standards for
tensile strength and hardness to ensure long-term
durability under load-bearing conditions.

corrosion

Other notable applications include consumer
electronics, packaging, and household goods.
Beverage cans and packaging are often recycled
back into alloy billets, forming a closed-loop
system that reduces raw material demand.
Industrial machinery components and electrical
conductors also utilize recycled aluminum,
though these applications require stricter control
of impurities to maintain electrical and
mechanical performance.

Brazilian manufacturers have gradually adopted
advanced sorting, chemical analysis, and melting
control processes to ensure the recycled alloys
meet the specifications of each sector. Despite
these efforts, variability in source materials and
processing can still lead to performance
inconsistencies, highlighting the importance of
complementary heat treatment strategies to
achieve the desired mechanical properties for
specific applications.

2.4 Performance and Material Challenges

Recycled aluminum alloys in Brazil exhibit a
range of mechanical performance characteristics,
which are largely influenced by their chemical
composition, prior processing history, and source
heterogeneity. Tensile strength typically varies
between 150 and 250 MPa, while hardness,
measured via Vickers tests, can range from 50 to
85 HV, depending on alloying elements and
thermal history. These variations can create
challenges sectors requiring consistent
material behavior, such as automotive or
structural applications.

in

A major factor affecting performance is the
presence of residual impurities, including iron,
zinc, and trace lead, which can form intermetallic
particles or segregation zones within the
microstructure. These inclusions often act as
stress concentrators, reducing ductility and
increasing susceptibility to localized cracking
under load. For example, automotive
components made from batches with higher iron
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content have been reported to fail prematurely in
fatigue tests due to coarse intermetallic networks.

Another challenge arises from variability in prior
thermal and mechanical processing. Recycled
aluminum may have been cast multiple times,
subjected to rolling or extrusion, or exposed to
high temperatures, creating heterogeneous
microstructures and residual stresses. Such
factors can lead to uneven hardness distribution
and unpredictable responses to subsequent heat
treatment.

Furthermore, the wide range of alloying element
ratios introduces complexity in predicting
mechanical performance. Copper, magnesium,
and silicon levels can significantly influence
precipitation hardening and work-hardening
potential. Even minor deviations in these
elements can result in differences of 10-20% in
tensile strength between batches, complicating
industrial standardization and quality control.

Industrial efforts such as blending scrap from
multiple sources and performing chemical
composition checks before melting have
improved consistency to some extent.
Nevertheless, maintaining uniform mechanical
properties in recycled aluminum remains a
persistent  challenge, = emphasizing  the
importance of carefully tailored heat treatment
protocols to achieve predictable strength and
hardness.

3. Heat Treatment and Microstructure
3.1 Solution Treatment Methods

Solution treatment is a fundamental step in the
heat treatment of aluminum alloys, designed to
dissolve soluble phases into the aluminum
matrix and produce a homogeneous solid
solution. In recycled aluminum, the effectiveness
of solution treatment is influenced by the
chemical variability of the scrap, particularly
levels of silicon, copper, and magnesium.
Brazilian industrial reports suggest that typical
solution treatment temperatures for aluminum
alloys range from 500°C to 540°C, with holding
times between 1 and 3 hours, depending on the
thickness of the material.

During solution treatment, intermetallic
compounds such as AlFeSi and Cu-rich phases
partially dissolve, while the matrix becomes
supersaturated with alloying elements. This
process reduces compositional gradients and
promotes more uniform precipitation during
subsequent aging treatments. However, the
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heterogeneous nature of recycled aluminum can
lead to incomplete dissolution in certain regions,
particularly where impurities like iron or zinc are
concentrated. These undissolved particles can act
as stress concentrators and affect mechanical
performance.

Cooling rate after solution treatment also plays a
critical role. Rapid quenching, often in water or
polymer solutions, preserves the supersaturated
solid solution and prevents premature
precipitation. Slower cooling, which can occur in
industrial furnaces with high thermal mass, may
lead to early formation of coarse precipitates,
reducing the potential for hardness and tensile
strength improvements. Some Brazilian facilities
have adopted controlled quenching techniques to
balance internal stress development and
microstructural uniformity, aiming to reduce
warping or cracking in structural components.

Solution treatment thus establishes the
foundation for later strengthening during
artificial or natural aging. In recycled alloys,
understanding ~ the  interplay = between
composition, temperature, and cooling rate is
essential, as these parameters determine how
effectively the alloy can develop desirable
mechanical properties despite the variability
inherent in scrap material.

3.2 Artificial and Natural Aging

After solution treatment, aging processes are
applied to enhance the mechanical properties of
alloys through controlled
precipitation of secondary phases. In recycled
aluminum, both artificial and natural aging are
commonly used, depending on the desired
balance between hardness, tensile strength, and
production speed. Artificial aging, also called T6
treatment, typically involves holding the alloy at
temperatures between 150°C and 180°C for 4-8
hours. During this period, fine precipitates such
as Mg2Si and Cu-rich particles form throughout
the matrix, providing significant strengthening
through impediment of dislocation motion.

aluminum

Natural aging occurs at room temperature and
generally requires a longer period, ranging from
several days to weeks, for the supersaturated
solid solution to form precipitates. While slower
than artificial aging, natural aging is energy-
efficient and can be sufficient for less critical
applications, such as window frames or non-
structural components. However, recycled alloys
with variable copper and magnesium content
may show uneven precipitation, leading to local
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variations in hardness and tensile strength.

The effectiveness of aging depends heavily on the
preceding solution treatment. Alloys with
incomplete  dissolution  of  intermetallic
compounds or heterogeneous microstructures
may develop coarse or unevenly distributed
precipitates during aging, reducing the expected
strength gains. Brazilian studies indicate that
controlling both aging temperature and time is
crucial: an excessive aging temperature above
200°C can cause overaging, where precipitates
coarsen and tensile strength declines, while
insufficient aging time may fail to achieve
optimal hardness.

In industrial practice, artificial aging is preferred
for components requiring consistent
performance, such as automotive engine parts or
structural profiles, while natural aging may be
applied for non-critical products. Variations in
recycled alloy composition require careful
adjustment of aging parameters to ensure
reproducible mechanical properties, particularly
tensile strength and hardness.

3.3 Microstructural Evolution

Microstructural evolution in recycled aluminum
alloys during heat treatment is a complex process
influenced by alloy composition, prior
processing history, and the parameters of
solution treatment and aging. Recycled alloys
often contain heterogeneous distributions of
alloying elements and residual impurities, which
directly affect the formation and growth of
precipitates, grain structures, and intermetallic
phases. During solution treatment, the aim is to
dissolve soluble phases into the aluminum
matrix, creating a supersaturated solid solution.
However, in recycled aluminum, incomplete
dissolution can occur in regions with elevated
iron or zinc content, resulting in non-uniform
microstructures that persist into subsequent
aging steps.

During artificial aging, fine precipitates such as
Mg2Si and Cu-rich phases nucleate and grow
the supersaturated matrix. These
precipitates serve as obstacles to dislocation
motion, contributing to increased hardness and
tensile strength. In heterogeneous recycled
alloys, the nucleation sites for precipitation can
be unevenly distributed, leading to localized
variations in mechanical properties. Grain
boundaries play an additional role; they act as
preferential sites for precipitate formation and
can influence the coarsening behavior of

within
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secondary phases over time.

Natural aging, occurring at room temperature,
promotes slower precipitation, which can lead to
clusters of solute atoms forming over days to
weeks. In alloys with variable composition, such
clusters may not be evenly spaced, producing
regions of differential hardness or ductility.
Moreover, prior mechanical deformation, such as
rolling or extrusion, introduces dislocations that
can act as additional nucleation sites for
precipitates, further complicating  the
microstructure. Residual stresses from earlier
processing can also affect grain morphology and
the stability of precipitates, sometimes inducing
microcracks in stressed regions.

High-resolution studies, such as scanning
electron microscopy (SEM) and transmission
electron microscopy (TEM) performed
Brazilian research facilities, show that recycled
aluminum microstructures are often more
heterogeneous than virgin alloys. Variations in
grain size, precipitate density, and the presence
of coarse intermetallic particles contribute to the
observed scatter in tensile strength and hardness.
Controlled heat treatment can partially
homogenize these microstructures, but batch-to-
batch variations in recycled scrap mean that some
degree of heterogeneity is unavoidable.

in

The evolution of microstructure is therefore a key
determinant of mechanical behavior in recycled
aluminum alloys. Understanding how grain size,
precipitate formation, and residual stress interact
provides a theoretical basis for predicting the
outcomes of different heat treatment protocols. It
also highlights why tailoring heat treatment
parameters for specific recycled batches is critical
to achieving consistent tensile strength and
hardness in industrial applications.

3.4 Impacts on Strength and Hardness

The mechanical performance of recycled
aluminum alloys is closely tied to the
microstructural changes induced by heat
treatment. Solution treatment establishes a
uniform supersaturated matrix, which sets the
stage for subsequent aging processes to generate
fine precipitates that obstruct dislocation motion.
In recycled alloys, variability in composition and
residual impurities can lead to uneven precipitate
distribution, which directly affects tensile
strength and hardness. industrial
studies indicate that tensile strength can vary
from 150 to 250 MPa after proper artificial aging,
whereas untreated or poorly processed batches

Brazilian
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may only achieve 120-140 MPa. Similarly,
Vickers hardness typically increases by 15-25%
following artificial aging at 160-180°C for 4-6
hours.

Alloying elements play a pivotal role in
determining the effectiveness of heat treatment.
Magnesium and silicon promote the formation of

Mg2Si precipitates, which contribute
significantly to hardness and strength. Copper,
commonly found in automotive scrap,

accelerates precipitation but can also increase
sensitivity to overaging if aging time or
temperature is excessive. Iron-rich intermetallics,
on the other hand, can act as stress concentrators,
reducing ductility and potentially offsetting
some benefits of precipitate strengthening. These
interactions make precise control of heat
treatment parameters essential, particularly
when recycled alloys are derived from
heterogeneous scrap sources.

Residual  stress and  grain  boundary
characteristics  also  influence  mechanical
properties. Recycled aluminum often contains
internal stresses from prior casting or rolling,
which can interact with precipitates during
aging. In regions of high residual stress,
premature microcrack initiation may occur,
reducing effective tensile strength despite overall
hardness improvements. Grain size
heterogeneity further contributes to localized
variations, with finer grains generally enhancing
strength via the Hall-Petch effect, while coarse or
elongated grains may compromise uniformity.

Industrial implications are significant. For
structural or automotive components, achieving
consistent tensile strength and hardness is critical
for safety and reliability. Brazilian manufacturers
have observed that tailored heat treatment,
considering alloy composition and prior
processing history, can reduce property scatter
and improve predictability. Experimental
studies, literature reviews, and simulation
models suggest that even minor adjustments in
solution temperature, aging duration, or cooling

rate can influence final performance,
highlighting the importance of mechanism-based
process design in recycled aluminum
applications.

4. Mechanisms of Strengthening
4.1 Grain Refinement Effects

Grain refinement is a key mechanism by which
heat treatment enhances the mechanical
properties of aluminum alloys. In recycled
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aluminum, heterogeneous microstructures and
residual impurities can lead to irregular grain
sizes after casting, which directly impacts
strength and hardness. Solution treatment
followed by controlled cooling promotes more
uniform grain structures, reducing coarse
dendritic regions that act as weak points under
mechanical load. Research in Brazilian facilities
indicates that alloys with an average grain size of
15-25 pm exhibit significantly higher tensile
strength compared to batches with larger or
uneven grains, where strength can drop by up to
20-25%.

The effectiveness of grain refinement is
influenced by the presence of alloying elements.
Magnesium and silicon contribute to the
nucleation of fine grains during solution
treatment, while excess iron or residual copper
can inhibit uniform grain growth. Dislocation
density and prior work history, such as rolling or
extrusion, also interact with grain boundaries,
enhancing strain-hardening potential in some
regions while creating stress concentration in
others. In recycled alloys, these effects are
compounded by variability in the source
material, making the control of thermal
parameters critical for achieving consistent
microstructures.

Grain refinement contributes to mechanical
performance primarily through the Hall-Petch
relationship, where smaller grains increase the
barrier to dislocation motion, improving yield
strength and hardness. In Brazilian recycled
alloys, controlled heat treatment has been shown
to improve Vickers hardness by 10-20% solely
through grain size homogenization, even before
accounting for precipitation hardening effects
during aging. For tensile performance, refined
grains provide more uniform load distribution,
reducing the likelihood of localized failure under
applied stress.

Industrial observations also highlight the
importance of grain size control in automotive
and structural applications. Engine components,
suspension parts, and load-bearing profiles
benefit from uniform grains, which improve
fatigue resistance and dimensional stability. In
contrast, recycled batches with uneven grain
distribution are prone to microcracks and lower
overall ductility. This underscores why grain
refinement is considered a foundational
strengthening mechanism, forming the basis for
subsequent processes such as precipitation
hardening or artificial aging.
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4.2 Precipitation Hardening Mechanisms

Precipitation hardening is one of the most
effective methods to enhance the strength and
hardness of aluminum alloys. In recycled
aluminum, this process depends heavily on the
distribution of alloying elements, the presence of
residual impurities, and the prior thermal history
of the material. During artificial aging,
supersaturated solid solutions formed in the
preceding solution treatment undergo nucleation
and growth of fine precipitates, primarily Mg2Si
in Al-Mg-Si alloys and Cu-rich phases in
automotive scrap alloys. These precipitates
impede  dislocation = motion,  providing
substantial increases in tensile strength and
hardness.

In Brazilian recycled aluminum, precipitation
behavior is influenced by heterogeneous
composition. Magnesium content typically varies
between 0.3% and 1.2%, while silicon ranges from
0.4% to 1.5%. High copper content in automotive
scrap can accelerate the nucleation of
precipitates, but excessive copper may also
promote coarse particle formation, which
reduces overall ductility. Industrial data suggest
that well-controlled artificial aging can increase
hardness by 15-25% and tensile strength by 20—
30% compared to untreated recycled batches.
Overaging, however, can occur if temperature or
time is too high, leading to coarsened precipitates
and a decline in mechanical performance.

The interaction between precipitates and
microstructure is critical. Grain boundaries often
serve as preferential sites for precipitation,
particularly when dislocations or residual
stresses are present from prior processing. SEM
and TEM studies on Brazilian recycled alloys
indicate that areas with higher dislocation
density exhibit denser precipitate clusters, which
locally enhance hardness but may also create
stress concentration points. This heterogeneous
precipitation explains why recycled alloys often
show variability in mechanical properties, even
within the same batch.

Precipitation hardening also interacts with other
strengthening mechanisms. Grain refinement
from solution treatment enhances the uniform
distribution of precipitates, while solid solution
effects provide an initial baseline of lattice
strengthening. In recycled alloys, residual stress
from casting or prior deformation can modify
precipitate morphology, sometimes producing
elongated or irregular shapes that affect load
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transfer under tensile stress.

From an industrial perspective, precipitation
hardening is essential for components that
experience cyclic loading or thermal stress, such
as engine blocks, structural frames, or suspension
parts. Brazilian automotive plants have adopted
carefully controlled aging protocols, balancing
time and temperature to maximize tensile
strength while minimizing ductility loss. In
construction applications, precipitation
strengthening ensures consistent hardness in
profiles and extrusions, critical for long-term
structural performance.

4.3 Solid Solution Strengthening

Solid solution strengthening is a mechanism in
which alloying elements dissolve into the
aluminum lattice, causing localized lattice
distortions that impede dislocation motion. In
recycled aluminum alloys, elements such as
magnesium, copper, and silicon contribute most
significantly to this effect. The concentration and
distribution of these elements vary depending on
the source of scrap, making solid solution
strengthening particularly relevant for recycled
batches with heterogeneous compositions.

Magnesium and silicon in Al-Mg-5i alloys create
lattice distortions that increase yield strength,
while copper enhances this effect by forming
coherent clusters within the matrix. Industrial
data from Brazilian recycling plants indicate that
variations of 0.2-0.5% in magnesium or copper
content can lead to 10-15% differences in tensile
strength after heat treatment. These effects are
compounded by residual impurities; for
example, iron-rich intermetallics can interfere
with the wuniformity of solid solution
strengthening by creating regions of stress
concentration.

The effectiveness of solid solution strengthening
also depends on heat treatment conditions.
Solution treatment followed by rapid quenching
preserves a supersaturated solid solution,
maximizing lattice distortions before aging
occurs. Slow cooling or uneven temperature
distribution, which can occur in industrial
furnaces, allows partial precipitation of solute
atoms  during cooling, reducing the
strengthening potential. Brazilian manufacturers
have adopted controlled quenching protocols,
often using water or polymer solutions, to
maintain uniform lattice distortion across ingots
and billets.

Solid solution strengthening interacts with other
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mechanisms, particularly precipitation
hardening. A well-distributed supersaturated
solid solution provides the precursor for fine
precipitate nucleation during artificial aging,
which further enhances hardness and tensile
strength. In recycled aluminum, where
composition and prior processing vary,
understanding the interplay between solid
solution effects and precipitation is critical for
achieving consistent mechanical performance.

Grain size also influences solid solution
effectiveness, as smaller grains increase the
proportion of solute atoms near grain

boundaries, further impeding dislocation motion
and enhancing strength.

From an industrial perspective, solid solution
strengthening  contributes to  mechanical
reliability in components exposed to static and
cyclic loading, such as engine blocks and
structural profiles. Control of alloy composition
and quenching conditions allows Brazilian
manufacturers to exploit solid solution effects
while compensating for heterogeneity in recycled
batches, ultimately improving both strength and
hardness in the final product.

4.4 Role of Residual Stress

Residual stresses are internal stresses retained in
recycled aluminum alloys as a result of prior
processing, including casting, rolling, extrusion,
or previous thermal cycles. In recycled materials,
these stresses are often unevenly distributed due
to heterogeneous composition and variable
cooling histories, making them an important
factor in determining mechanical behavior after
heat treatment. Localized tensile or compressive
stresses can influence dislocation movement,
precipitate formation, and even crack initiation

under applied load.

During solution treatment, high residual stresses
can partially relax, but regions with coarse
intermetallic particles or segregated impurities
may retain localized stress concentrations. In
Brazilian recycled aluminum, studies have
shown that residual stresses in untreated billets
can reach 50-80 MPa, particularly near surface
regions or areas previously subjected to
mechanical work. If not addressed, these stresses
can cause warping, dimensional instability, or
reduced fatigue life in structural or automotive
components.

Artificial aging and natural aging interact with
residual stresses complex ways. Fine
precipitates nucleating near dislocations or

in
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stressed regions can either relieve or amplify
local stresses, depending on the distribution and
orientation of the precipitates. For instance, in Al-
Mg-Si alloys, dense Mg25i clusters forming near
tensile-stressed zones can locally increase
hardness but may also reduce ductility,
particularly in recycled batches with uneven
element distribution. Control of aging
temperature and time is therefore critical to
balance strengthening with stress management.

Residual stress also affects grain boundary
behavior. Compressive stresses near boundaries
can inhibit dislocation motion and improve yield
strength, whereas tensile stresses may act as
initiation sites for microcracking. SEM studies of
Brazilian recycled alloys indicate that areas with
high residual stress often correlate with coarse
precipitates or microvoids, which explains some
of the variability observed in tensile testing across
batches.

From an industrial standpoint, controlling
residual stresses is essential for components
exposed to dynamic loads or thermal cycles.
Brazilian = automotive = and  construction
manufacturers often implement stress-relief
annealing or controlled quenching to reduce
detrimental residual stresses, improving
mechanical reliability. By understanding the role
of residual stress alongside other strengthening
mechanisms, heat treatment can be tailored to
maximize hardness and tensile performance even
in heterogeneous recycled aluminum batches.

5. Literature Insights
5.1 Summary of Global Studies

A significant body of research has explored the
effects of heat treatment on recycled aluminum
alloys in multiple regions, including Europe,
North America, and Asia. In Europe, studies have
primarily focused on automotive scrap alloys,
highlighting the impact of solution treatment and
artificial aging on mechanical performance. For
instance, German researchers reported that Al-
Mg-Si recycled alloys subjected to solution
treatment at 520°C for 2 hours, followed by
artificial aging at 175°C for 6 hours, achieved
tensile strengths of 220240 MPa and Vickers
hardness values of 70-80 HV, closely matching
the performance of virgin alloys with similar
composition.

In North America, research has concentrated on
beverage can scrap and post-industrial waste. A
study from the United States showed that
controlled aging of recycled aluminum sheets
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could improve hardness by 18-22% compared to
untreated sheets, with precipitation hardening
playing a dominant role in strengthening. The
work also emphasized that variations in silicon
content (0.6-1.4%) led to differences in
precipitate distribution, resulting in mechanical
property scatter. Canadian studies on automotive
aluminum  components  highlighted the
interaction between residual stresses and grain
refinement, demonstrating that heterogeneous
microstructures in recycled material could be
partially mitigated through carefully controlled
quenching protocols.

Asian research, particularly from China and
Japan, has examined the role of multi-step heat
treatment in both recycled and mixed aluminum
alloys. For example, artificially aged alloys with
intermediate  temperature holding stages
exhibited more uniform precipitation, improving
tensile strength consistency across batches. These
studies also incorporated microstructural
characterization using TEM and SEM, revealing
that fine Mg25Si and Cu-rich precipitates were
more evenly distributed in alloys with pre-
homogenization steps, reducing the variability
introduced by heterogeneous scrap.

Several trends emerge from the global literature.
Recycled aluminum generally requires higher
attention to composition variability than virgin
alloys, and industrial heat treatment parameters
must often be tailored to the specific batch.
Additionally, the combination of solution
treatment, controlled quenching, and artificial
aging is consistently reported as the most
effective strategy to improve both tensile strength
and hardness. However, studies frequently note
that residual stresses, coarse intermetallic
particles, and uneven grain structures remain
critical sources of performance variability,
regardless of geographic context.

5.2 Comparison with Virgin Alloys

Comparisons between recycled and virgin
aluminum alloys highlight both the potential and
the limitations of recycled material in industrial
applications. Virgin alloys typically exhibit more
uniform chemical composition and
microstructure,  leading to  predictable
mechanical properties. For example, Al-Mg-Si
alloys produced from primary aluminum sources
often achieve tensile strengths in the range of
240-260 MPa and Vickers hardness around 75-85
HV after standard T6 treatment, with minimal
batch-to-batch variation.
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Recycled alloys, in contrast, show wider
variability due to heterogeneity in source
material. Brazilian studies indicate that even after
identical solution treatment and artificial aging,
tensile strength can fluctuate between 150 and
250 MPa, and hardness between 60 and 80 HYV,
depending on scrap origin and impurity content.
Automotive scrap, for instance, may contain
elevated copper and magnesium levels,
improving hardness but potentially introducing
coarse intermetallic phases that reduce ductility.
Beverage can scrap has more consistent
manganese content but may be deficient in other
alloying elements, resulting in lower strength
after aging.

Global studies emphasize that these differences
are largely linked to microstructural uniformity
and precipitate distribution. Virgin alloys tend to
develop evenly spaced precipitates throughout
the matrix, whereas recycled aluminum often
exhibits localized clusters or regions with coarse
intermetallic particles. SEM and TEM analyses
confirm that grain size is more homogeneous in
virgin alloys, whereas recycled batches may
display elongated or irregular grains due to prior
processing histories. These structural differences
are reflected in mechanical testing, with recycled
alloys showing higher scatter in stress-strain
curves and variable fracture behavior.

From an industrial perspective, recycled alloys
can approach the performance of virgin materials
when heat treatment is carefully controlled and
alloying composition is adjusted. For instance,
blending recycled batches to standardize
magnesium and silicon content, followed by
precise solution treatment and artificial aging,
can produce tensile strengths within 10-15% of
virgin alloy values. Nevertheless, residual
impurities such as iron or trace lead remain a
limiting factor, occasionally forming stress
concentrators or initiating microcracks under
applied load.

This comparison underscores that while recycled
aluminum can meet many industrial
requirements, its mechanical predictability is
inherently lower than that of virgin alloys,
necessitating careful processing and heat
treatment design to achieve consistent hardness
and tensile performance.

5.3 Relevance to Brazilian Materials

The performance and processing behavior of
recycled aluminum in Brazil are strongly
influenced by the country’s specific industrial
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and scrap sources. Automotive scrap constitutes
a large proportion of the recycled material,
particularly from domestic vehicle dismantling
and industrial component turnover. These alloys
often have higher copper and magnesium
content compared to consumer packaging scrap,
which can enhance precipitation hardening but
also increase the risk of coarse intermetallic
formation. Brazilian studies report that tensile
strength for automotive scrap alloys after
standard solution treatment and artificial aging
typically ranges between 200 and 240 MPa, while
hardness varies from 65 to 78 HV, reflecting
batch-to-batch variability.

Industrial scrap from manufacturing and
construction processes introduces additional
heterogeneity. Aluminum sheets, extrusions, and
profiles from previous production cycles may
carry residual stresses, minor impurities, or
partially dissolved alloying elements. For
example, Brazilian plants processing mixed
industrial scrap often detect iron content between
0.5% and 1.1%, which can lead to coarse AlFeSi
intermetallic particles. These particles act as
localized stress concentrators, affecting both
tensile strength and fatigue resistance. SEM
analyses conducted at Brazilian recycling
facilities confirm the presence of uneven
precipitate distribution and microvoids in some
recycled batches, which partially explains
observed variability in mechanical testing.

Brazilian manufacturers have adopted strategies
to reduce variability, such as batch blending, pre-
melting chemical analysis, and controlled
quenching protocols. In some cases, blending
multiple scrap sources allows Mg and Si content
to be standardized, which improves the
predictability of precipitate formation during
aging. Controlled quenching from solution
treatment temperatures around 520-530°C
ensures a more uniform supersaturated solid
solution, maximizing the potential for
precipitation hardening. Despite these efforts,
complete uniformity remains challenging,
particularly when dealing with mixed
automotive and industrial scrap.

Environmental factors and regional industrial
practices also influence recycled aluminum
properties. In coastal states such as Rio de
Janeiro, exposure to high humidity and salinity
during storage can induce surface oxidation,
necessitating careful fluxing during remelting to
avoid oxide entrapment. Similarly, Brazilian
facilities processing high volumes of beverage
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cans report that even minor deviations in melt
temperature or cooling rate can create localized
variations in hardness across ingots. These
observations underscore that heat treatment
strategies must be specifically tailored for
Brazilian recycled alloys, taking into account
both composition heterogeneity and industrial
process conditions.

5.4 Knowledge Gaps and Open Questions

Despite the growing body of literature on
recycled aluminum alloys, significant knowledge
gaps particularly regarding the
mechanisms of heat treatment in heterogeneous
Brazilian materials. While global studies provide
insight into solution treatment, aging, and
precipitation effects, few investigations focus
specifically on the variability of Brazilian scrap
sources and their impact on mechanical
properties. Automotive scrap, industrial waste,
and beverage can alloys all exhibit distinct
chemical compositions and prior processing
histories, yet systematic studies comparing these
sources under identical heat treatment conditions
are limited.

remain,

Another gap concerns the interaction of multiple
strengthening mechanisms in recycled alloys.
Grain refinement, solid solution strengthening,
precipitation hardening, and residual stress
effects have been studied individually, but
integrated analyses that quantify how these
mechanisms interact in heterogeneous batches
are scarce. Brazilian recycled aluminum often
contains impurities such as iron, zinc, or lead,
which influence precipitate morphology and
grain boundary behavior, but detailed
microstructural characterization studies linking
these impurities to mechanical variability remain
underexplored.

Process variability also presents challenges for
predictive modeling. Most thermomechanical
simulations are based on homogeneous or virgin
alloys, which do not accurately represent the
heterogeneity found recycled
materials. The lack of reliable predictive models
for tensile strength, hardness, and fatigue
performance limits industrial optimization of
heat treatment  protocols.  Furthermore,
experimental data on long-term durability and
performance  under cyclic loading or
environmental exposure is sparse, leaving
questions about the reliability of recycled
aluminum in structural applications.

in Brazilian

Finally, sustainability and lifecycle
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considerations are underrepresented in current
research. While energy savings from recycling
are well documented, studies examining the
trade-offs between heat treatment intensity,
mechanical performance, and environmental
impact are limited. Brazilian industries
increasingly face pressures to optimize both
material properties and ecological footprint, yet
empirical or theoretical guidance for balancing
these factors is lacking.

Addressing these gaps will require integrated
studies that combine microstructural analysis,
mechanical  testing, industrial ~ process
monitoring, and modeling. Understanding the
interplay between alloy composition, heat
treatment, and residual impurities is essential for
achieving consistent mechanical performance in
Brazilian recycled aluminum.

6. Industrial Relevance
6.1 Automotive Applications

Automotive applications are the primary
industrial outlet for recycled aluminum in Brazil.
Recycled alloys are used in engine components,
transmission housings, suspension elements, and
body panels due to their favorable strength-to-
weight ratio, corrosion resistance, and cost-
effectiveness. For example, some Brazilian
assembly plants in Sdo Paulo report
incorporating over 15,000 tons of recycled
aluminum annually, representing a significant
proportion of non-ferrous material in vehicle
production.

The performance requirements for automotive
components are stringent. Engine blocks and
transmission housings must maintain high
tensile strength and dimensional stability under
thermal cycling, while body panels and
suspension parts are subject to repeated
mechanical loads and fatigue. Heat treatment
plays a role in meeting these
specifications. Solution treatment followed by
artificial aging ensures uniform precipitation of
Mg2Si and Cu-rich phases, increasing both
hardness and tensile strength. Variability in
recycled material composition, however,
necessitates adjustments in heat treatment
parameters to achieve consistent mechanical
properties.

Residual stresses and heterogeneous
microstructures can significantly affect fatigue
performance. Brazilian recycled alloys often
retain stress concentrations from prior casting,
extrusion, or rolling, which may serve as crack

crucial
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initiation sites under cyclic loading. Controlled
quenching protocols and precise aging schedules
are therefore implemented to mitigate these
effects. For instance, a study on recycled Al-Mg-
Si engine components reported that adjusting
artificial aging time by 30-60 minutes could
reduce variability in tensile strength by up to 15%
across different batches.

In addition to mechanical performance,
industrial processing constraints such as
throughput,  energy = consumption, and
component influence heat treatment
strategies. Large structural components require
slower heating and quenching to minimize
thermal gradients, whereas smaller parts can be
aged more rapidly. Brazilian manufacturers have
begun using process simulation and thermal
monitoring to optimize these parameters,
balancing  mechanical performance  with
efficiency and cost.

size

Finally, the integration of recycled aluminum
into automotive supply chains is increasingly
tied to sustainability targets. By improving the
predictability of mechanical properties through
tailored heat treatment, manufacturers can
replace virgin aluminum with recycled material
without compromising component reliability,
contributing to reduced carbon emissions and
energy consumption across vehicle production.

6.2 Construction and Lightweight Components

Recycled aluminum alloys are widely used in the
construction sector in Brazil, particularly for
structural profiles, roofing, curtain walls, and
window frames. Coastal and tropical regions,
including Rio de Janeiro and Sao Paulo, present
challenging environmental conditions such as
high humidity and salt-laden air, which make
corrosion resistance a key consideration.
Aluminum alloys from recycled sources, when
properly treated, offer adequate durability and
long service life for these applications. Brazilian
manufacturers report that structural profiles
produced from recycled aluminum exhibit
Vickers hardness values between 60 and 75 HYV,
sufficient to meet local building codes and safety
standards.

The variability in recycled aluminum
composition requires careful control of heat
treatment to ensure consistent performance.
Alloys derived from automotive scrap, which
may contain elevated magnesium and copper,
provide higher potential strength, but coarse
intermetallic phases can form during aging if the



e

A

pg:a:‘;@ Journal of Progress in Engineering and Physical Science

material is not properly processed. Industrial
facilities mitigate this risk through controlled
solution treatment, precise quenching, and aging
schedules tailored to the source material. For
larger profiles and panels, temperature gradients
during heating and cooling are monitored to
avoid warping and uneven microstructure
formation.

Lightweight components, such as prefabricated
building elements and facade panels, benefit
from the low density of aluminum, which
reduces structural load while maintaining
mechanical stability. In these cases, tensile
strength requirements are lower than for
automotive components, but uniform hardness
across the component is critical to prevent local
deformation during installation. Some Brazilian
producers have implemented real-time thermal
monitoring and post-processing inspection using
hardness testing across the length of extrusions to
ensure uniformity.

In addition to structural performance, recycled

aluminum’s environmental advantages are
increasingly important in construction projects
pursuing  sustainability  certifications. By

replacing primary aluminum with recycled
material, Brazilian manufacturers reduce energy
consumption and CO2 emissions, while
achieving mechanical performance sufficient for
long-term durability. Heat treatment protocols
are designed not only to maximize tensile
strength and hardness but also to maintain
dimensional stability during fabrication and
long-term service.

6.3 Heat Treatment Optimization for Industry

Optimizing heat treatment for recycled
aluminum in industrial applications requires
careful consideration of alloy composition,
residual impurities, and component geometry.
Brazilian facilities processing automotive and
industrial scrap have developed protocols that

combine solution  treatment, controlled
quenching, and artificial aging to achieve
predictable tensile strength and hardness.

Solution treatment temperatures are generally
maintained between 520°C and 530°C, with
holding times of 1.5 to 3 hours, depending on
component thickness. Quenching is performed in
water or polymer solutions to preserve
supersaturation and promote uniform precipitate
formation during aging.

Aging parameters are adjusted according to the
specific ~source of recycled aluminum.
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Automotive scrap with higher copper content
benefits from slightly lower aging temperatures
(160-170°C) for 4-6 hours to prevent overaging
and coarsening of precipitates. In contrast,
beverage can scrap, with more uniform
manganese levels, can tolerate higher aging
temperatures without compromising ductility.
Brazilian manufacturers often monitor batch
composition and adjust aging schedules
dynamically, using real-time temperature
measurement and hardness testing to ensure
consistent mechanical performance.

Industrial constraints, including component size,
production throughput, and energy
consumption, also influence optimization
strategies. Large extrusions or structural profiles
require careful control of thermal gradients to
avoid uneven precipitation and warping. Smaller
components can be aged more rapidly, but
uniformity is monitored through periodic
sampling and hardness measurements along the
component length. Some plants have integrated
computer-controlled  thermal = management
systems that adjust furnace temperatures and
quenching timing based on component geometry
and batch composition.

Residual stress management is a critical part of
heat treatment optimization. Recycled aluminum
often retains stresses from prior casting, rolling,
or extrusion. Adjustments to quenching rate and

aging  duration can  mitigate stress
concentrations,  reducing the risk  of
microcracking and improving  fatigue

performance. In Brazilian automotive plants,
these adjustments have led to more predictable
tensile strength across batches, with observed
variability reduced by approximately 10-15%.

Finally, sustainability considerations
increasingly shape heat treatment optimization.
Minimizing energy use while achieving

mechanical targets is a priority, particularly for
construction and lightweight applications. By
fine-tuning heat treatment schedules based on
scrap composition and component requirements,
Brazilian manufacturers are able to balance
mechanical performance with energy efficiency,
producing recycled aluminum components that
meet both technical environmental
standards.

and

7. Challenges and Future Research
7.1 Material Heterogeneity Limitations

Material heterogeneity remains a significant
limitation for Brazilian recycled aluminum
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alloys. The chemical composition of scrap varies
widely depending on the with
automotive end-of-life components typically
containing higher copper and magnesium, while
industrial scrap shows more variable iron and
zinc levels. Such variability directly affects
microstructure uniformity, including grain size,
precipitate distribution, and the presence of
intermetallic phases. Industrial tensile testing of
recycled batches has demonstrated strength
variations of up to 20-25% between different
sources, even under identical heat treatment
protocols.

Residual  impurities  further = complicate
processing. Iron-rich intermetallics and trace lead
inclusions act as stress concentrators, reducing
ductility and potentially initiating microcracks
during mechanical loading. Observations from
Brazilian manufacturing plants indicate that
these microstructural inconsistencies are more
pronounced in thicker components or large
structural profiles, where thermal gradients
during solution treatment and quenching
amplify heterogeneity effects.

source,

The influence of prior mechanical processing also
contributes to heterogeneity. Recycled aluminum
that has undergone multiple casting, rolling, or
extrusion cycles often retains residual stresses
and dislocations, leading to uneven precipitation
during aging. These localized variations in
hardness and tensile strength are particularly
critical in automotive and structural components,
where consistent mechanical performance is
essential for safety and reliability.

Industrial strategies to mitigate material
heterogeneity include blending scrap from
multiple sources, pre-melting chemical analysis,
and tailored heat treatment schedules. While
these approaches improve overall consistency,
absolute uniformity is difficult to achieve. The
combination of variable alloying elements,
residual impurities, and prior processing history
ensures that material heterogeneity will remain a
persistent challenge for Brazilian recycled
aluminum.

7.2 Mechanistic Modeling Approaches

Mechanistic modeling plays a crucial role in
predicting the performance of recycled
aluminum alloys, but its application to
heterogeneous Brazilian materials remains
limited. Most computational models are
developed for homogeneous or virgin alloys,
assuming uniform composition and
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microstructure. These models can effectively
simulate dislocation movement, precipitation
kinetics, and grain boundary strengthening, but
they often fail to account for the variability
inherent in recycled scrap.

For Brazilian alloys, where iron,
magnesium, and silicon contents
significantly between batches, mechanistic
models  must incorporate = composition-
dependent parameters. Variations in alloying
elements affect precipitate nucleation rates,
growth  kinetics, and  solid  solution
strengthening, which are critical for accurate
predictions of tensile strength and hardness.
Studies from Sao Paulo and Minas Gerais suggest
that neglecting these variables can result in
predictive errors of 15-20% when estimating
mechanical properties under standard heat
treatment conditions.

Residual stresses and microstructural
heterogeneity further complicate modeling.
Finite element simulations indicate that stress
concentrations around coarse intermetallic
particles can accelerate local deformation and
crack initiation, yet few models integrate these
localized effects with macroscopic property

coppet,
vary

predictions.  Additionally, the interaction
between grain refinement, precipitation
hardening, and solid solution strengthening is
often simplified, ignoring the complex
interdependence  observed in  recycled
aluminum.

Industrial ~ implementations  have  begun

integrating modeling with real-time process
control. Some Brazilian plants use simulation
data to adjust solution treatment temperatures,
quenching rates, and aging durations based on
the measured composition of each scrap batch.
These adjustments improve property uniformity
and reduce the risk of failure in critical
components, particularly in automotive engine
blocks and structural profiles. However, the lack
of validated, comprehensive models for
heterogeneous recycled aluminum remains a key
limitation, restricting predictive capability and
optimization potential.

Advancing mechanistic modeling for Brazilian
recycled alloys requires combined efforts in
microstructural characterization, computational
simulation, industrial validation.
Incorporating localized impurity effects, residual
stresses, and batch-specific composition data into
predictive frameworks could enhance the

and
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accuracy of strength and hardness predictions,
guiding both heat treatment and component
design in industrial practice.

7.3 Sustainability and Environmental Considerations

Sustainability is a central consideration in the
Brazilian recycled aluminum industry. Recycling
aluminum consumes only 5-10% of the energy
required to produce primary aluminum,
significantly reducing greenhouse gas emissions.
The widespread adoption of recycled aluminum
in automotive, construction, and packaging
applications contributes to national and
corporate carbon reduction goals. Energy savings
are further enhanced when optimized heat
treatment processes are applied, minimizing
excessive thermal exposure while achieving
target mechanical properties.

Environmental constraints influence industrial
processing decisions. For example, rapid
quenching in water requires substantial energy
for water circulation and temperature control,
while polymer-based quenching solutions
involve considerations of chemical disposal and
reuse. Brazilian facilities have implemented
closed-loop cooling systems and water treatment
processes to reduce environmental impact,
particularly in regions where water scarcity is a
concern.

The variability inherent in recycled aluminum
also intersects with sustainability goals. Alloy
batches that require additional heat treatment
cycles due to inconsistent composition or
impurities consume more energy and generate
higher emissions. Studies from industrial plants
indicate that blending scrap batches and
implementing precise compositional analysis
prior to heat treatment can reduce the number of
repeat cycles by 10-15%, directly lowering
energy usage and associated environmental
impact.

Material efficiency is another important factor.
High scrap heterogeneity can lead to rejected
batches or components that fail quality
inspections, increasing waste generation.
Industrial strategies in Brazil include monitoring
hardness and tensile strength across multiple
points in each batch and selectively remelting
underperforming portions. These measures
improve material utilization and reduce overall
scrap waste, aligning production with circular
economy principles.

Sustainability considerations also extend to
lifecycle performance. Components made from
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recycled aluminum must maintain mechanical
reliability over years of service to prevent
premature replacement or repair, which would
offset the environmental benefits of recycling.
Brazilian engineering standards increasingly
require assessments of long-term durability,
emphasizing the combined role of heat treatment
and material composition in ensuring both
performance and environmental efficiency.

7.4 Recommendations for Future Studies

Future research on recycled aluminum alloys in
Brazil should focus on addressing the variability
inherent in scrap materials and improving
predictive capability for mechanical
performance. One priority is developing
integrated mechanistic models that combine
microstructural evolution, residual stress
distribution, and precipitation kinetics. Such
models would allow manufacturers to anticipate
tensile strength and hardness outcomes for
specific batches, reducing reliance on trial-and-
error adjustments in heat treatment protocols.

Expanded microstructural characterization is
also critical. High-resolution techniques,
including TEM and SEM, can provide detailed
information on precipitate morphology, grain
boundary behavior, and the distribution of
residual impurities. These data can inform both
computational models and industrial processing
decisions, particularly automotive and
structural ~applications where component
reliability is essential. Quantitative analysis of
grain size distribution and intermetallic particle
density could improve understanding of
performance variability across recycled batches.

in

Another area of research involves optimizing

heat  treatment protocols tailored to
heterogeneous Brazilian scrap. Investigations
could explore multi-step aging, variable

quenching rates, or hybrid thermal cycles to
enhance mechanical properties while minimizing
energy consumption. Industrial trials comparing
different alloy sources, processing histories, and
treatment parameters would provide practical
guidance for scaling laboratory findings to
production environments.

Sustainability-oriented studies should also be
prioritized. Assessing the trade-offs between
mechanical performance, energy use, and
environmental impact will help manufacturers
develop heat treatment strategies that maximize
both  material properties ecological
efficiency. Life-cycle analysis recycled

and

of
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aluminum components under real-world service
conditions could guide decision-making for
automotive and construction sectors, ensuring
durability while reducing carbon footprint.

Finally, establishing standardized testing
protocols and data sharing across Brazilian
recycling facilities could improve the consistency

of recycled aluminum performance.
Collaborative research initiatives between
industry and academia would facilitate

benchmarking, enabling identification of best
practices in heat treatment, quality control, and
material selection.

8. Conclusion
8.1 Summary of Key Mechanisms

Heat treatment influences tensile strength and
hardness in recycled aluminum alloys through a
combination of microstructural mechanisms.
Solution treatment produces a supersaturated
solid solution, which provides the foundation for
subsequent strengthening. Grain refinement
resulting from controlled solution treatment
enhances yield strength by increasing the barrier
to dislocation motion. Precipitation hardening,
primarily through Mg2Si and Cu-rich phases,

obstructs dislocations and contributes to
hardness and tensile improvements. Solid
solution  strengthening introduces lattice
distortions that further impede dislocation

movement, while residual stresses interact with
grain boundaries and precipitates, influencing
local mechanical behavior.

In Brazilian recycled aluminum, variability in
alloy composition and prior processing modifies
how these mechanisms operate. Automotive
scrap alloys, with higher copper and magnesium
content, can achieve higher hardness and
strength through precipitation and solid solution
effects, whereas industrial scrap with elevated
iron or residual impurities may limit the
effectiveness of these mechanisms.
Microstructural heterogeneity, including uneven
grain sizes and localized precipitate clusters,
affects how uniformly the material responds to
heat treatment.

These mechanisms collectively determine the
mechanical performance of recycled aluminum
industrial applications. Controlled heat
treatment can mitigate the influence of
heterogeneity, optimize strength and hardness,
and improve fatigue resistance for automotive
components, structural profiles, and lightweight
construction elements. Understanding the

in
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interplay of these mechanisms is essential for
tailoring heat treatment parameters to the
composition and processing history of each
recycled batch.

8.2 Theoretical Insights for Brazil

Recycled aluminum alloys in Brazil display
characteristics distinct from those reported in
studies of homogeneous or virgin materials.
Variability in source composition, including
automotive, industrial, and consumer scrap,
creates microstructural heterogeneity that
influences the effectiveness of traditional heat
treatment approaches. Understanding the
interplay =~ between  solution  treatment,
precipitation  hardening,  solid  solution
strengthening, and residual stresses is essential to
predict mechanical performance in Brazilian
alloys.

Data from Brazilian industrial facilities indicate
that alloys with higher magnesium and copper
content exhibit more pronounced precipitation
hardening effects, enhancing both tensile
strength and hardness. Conversely, batches with
elevated iron or residual zinc often show
localized stress concentrations and coarse
intermetallic phases that reduce ductility.
Mechanistic  models incorporating these
variations allow better predictions of strength
and hardness across heterogeneous batches,
enabling optimization of heat treatment
parameters to suit the specific composition of
each recycled batch.

Microstructural studies further highlight the
influence of grain size and precipitate
distribution on mechanical properties. Fine
grains, promoted through controlled solution
treatment, provide a uniform matrix that
supports consistent precipitation, while coarse or
elongated grains resulting from heterogeneous
scrap can lead to uneven hardness and localized
weakness. These insights suggest that predictive
models for Brazilian recycled alloys must account
not only for overall composition but also for
spatial variability within ingots and extrusions.

Industrial experience in Brazil reinforces these
theoretical =~ observations.  Adjusting  aging
temperature and duration according to scrap
origin improves performance uniformity, and
careful quenching mitigates residual stresses that
might otherwise reduce tensile strength.
Combining microstructural understanding with
batch-specific process control provides a
practical framework to harness the reinforcing
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mechanisms  of heat treatment while
compensating for the inherent heterogeneity of
recycled materials.

8.3 Implications for Industrial Practice

The insights gained from understanding the
mechanisms of heat treatment have direct
implications for Brazilian industrial applications
of recycled aluminum. Tailoring solution
treatment temperatures and holding times
according to the specific alloy composition can
optimize the supersaturation of alloying
elements, ensuring consistent nucleation of
precipitates during aging. Controlled quenching
strategies are critical to reduce residual stresses,
which otherwise lead to localized hardness
variations or microcracking in structural and
automotive components.

Automotive manufacturers can leverage these
theoretical insights to improve the predictability
of tensile strength and fatigue performance in
engine components, body panels, and
suspension elements. For example, adjusting
aging duration by 30-60 minutes based on the
magnesium and copper content of a batch has
been shown to reduce strength variability by 10—
15% Brazilian  production facilities.
Construction and  lightweight  structural
applications also benefit from precise control of
heat treatment parameters, ensuring uniform
hardness and dimensional stability in extrusions
and panels.

in

Process monitoring and real-time adjustments
are increasingly feasible with modern thermal
management systems. Brazilian plants have
adopted continuous temperature sensors and
automated quenching controls to account for
variations in scrap composition. These practices
minimize performance scatter and improve
material utilization, reducing the number of
rejected components and waste generated during
production.

Additionally, understanding the interaction
between microstructure, residual stress, and
precipitate distribution supports maintenance of
long-term durability. Components exposed to
cyclic loads or thermal fluctuations, such as
building profiles in coastal environments, require
uniform mechanical performance over extended
service  periods.  Integrating  theoretical
knowledge into industrial practice enables more
reliable product performance while supporting
sustainability goals by reducing energy
consumption and maximizing the use of recycled
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materials.
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