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Abstract: In this paper, the feasibility of an innovative solid-state recycling process for aluminum
alloy AA6063 chips through direct rolling is studied, with the aim of offering an environmentally
sustainable alternative to conventional recycling processes. Aluminum chips, produced by milling
an AA6063 billet without the use of lubricants, were first compacted using a hydraulic press with
a 200 kN load and subsequently heat-treated at 570 °C for 6 h. The compacted chips were directly
hot-rolled through several successive passes at 490 °C. The bulk material underwent the same rolling
schedule to allow comparison of the samples and assess the process, in terms of mechanical properties
and microstructure. All the rolled samples were tested by tensile and microhardness tests, whereas
the microstructure was observed by an optical microscope and the EBSD-SEM technique. The fracture
surface of all tested samples was analyzed by SEM. Recycled samples exhibited good mechanical
check for properties, comparable to those of the bulk material. In particular, the bulk material showed an
updates ultimate tensile strength of 218 MPa, in contrast to 177 MPa for the recycled chips, and comparable
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elongation at break. This study demonstrates that direct rolling of compacted aluminum chips is both
technically feasible and has environmental benefits, offering a promising approach for sustainable
aluminum recycling in industrial applications within a circular economy framework.
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to 95% [6] of the energy required for producing aluminum from raw materials, leading to
greenhouse gas emissions of just 5% of the primary process [7].

Melting techniques have historically dominated the recycling of aluminum. While they
are quite efficient at recovering the metal, they are energy-intensive and frequently result
in substantial material loss due to oxidation and dross development. Aluminum scrap is
processed in several steps, including scrap collection and sorting, contamination removal,
furnace melting, and ingot casting. This method effectively recycles large quantities of
aluminum, but it consumes considerable energy, primarily in the melting and holding
operations. Furthermore, the melting process releases greenhouse gases and other pollu-
tants, contributing to environmental degradation. Cleaner energy sources and advanced
filtration technologies are two ways to mitigate these effects, but they come with additional
operational costs and technological challenges.

In response to the limitations of conventional recycling, several alternative methods
have been explored, called solid-state recycling (SSR) processes. Among them, the mechan-
ical processes that require plastic deformation are quite effective and because they can be
implemented at lower temperatures, the overall environmental footprint is reduced [8].
This kind of process is often used for the recycling of chips, since chip production is re-
quired in a lot of industries where machining is a step to obtain the final mechanical parts.
Conventional chip recycling through melting may not be convenient due to its elevated
metal loss (up to 46%), imputable to its oxidation, and high surface-to-volume ratio, which
depends on the method of introducing the chips [9].

Although there are many different processes, depending on the process, they often in-
clude phases like comminution, cleaning, drying, cold compaction of chips, and subsequent
plastic deformation [10]. Some examples of these processes include direct extrusion [11,12],
friction stir extrusion (FSE) [13-15], friction stir consolidation (FSC) [16,17], equal-channel
angular pressing (ECAP) [18,19], Spark Plasma Sintering [20,21], and other processes. How-
ever, most of the SSR methods are still at the laboratory scale and often produce materials
with inferior properties due to contamination and the inability to fully recover aluminum
from mixed scrap. Even chip morphology can affect the results of these kind of recycling
processes [22]. Additionally, these methods involve complex processes that are difficult
to scale up to an industrial level. Even so, some attempts to scale the production to an
industrial scale have been made by Paraskevas et al. [23] using a porthole die hot extrusion.
The KOBO method is a variation of direct extrusion that incorporates cyclic oscillations
of the die to enhance material properties and shows potential for solid-state recycling
of chips [24]. Several authors studied miscellaneous methods that include hot or cold
rolling as an additional step in the process to produce sheets. Suzuki et al. [25] produced
rolled products by hot rolling as a second step of the SSR process, after chip extrusion.
Chiba et al. [26] explore instead the possibility of recycling chips through cold extrusion
and consequently cold rolling. Allwood et al. [27] studied the possibility of cold bonding
through forging, rolling, or extrusion processes, performed separately, demonstrating that
bonding could occur with sufficient strain, but some voids remained, while Kore et al. [28]
studied the possibility of hot rolling as a recycling route for chips of AA6082. Since there is
a lack of contributions in the literature, to the author’s best knowledge, that have studied
rolling as an SSR technique, the innovation and purpose of this work is to apply Direct
Hot Rolling to compacted chips of aluminum alloys, without the usage of any previous
process excluding cold compaction. A solid-state recycling process based on rolling could
be crucial in the industrial field, since rolling is one of the most important and widespread
manufacturing processes. Particularly important would be the development of a procedure
that can be directly applied to existing industrial rolling plants, with little or no alterations.
This research not only addresses the immediate needs of the aluminum recycling sector
but also aligns with global sustainability goals aimed at reducing industrial emissions and
conserving natural resources [29,30].

In this paper, a new solid-state recycling technique called Direct Hot Rolling (DHR)
is introduced. This article discusses the feasibility of the DHR process, focusing on the
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mechanical and microstructural properties of the recycled aluminum relative to the original
bulk material. Assessing DHR’s viability as an AA6063 chip recycling technique is the goal
of this study.

2. Materials and Methods

The recycling process of Direct Hot Rolling (DHR) involves several key steps [31].
First, aluminum chips are compacted under high pressure to form a semi-coherent mass.
These compacted chips are then heat-treated before rolling. The heat-treated compacted
billets undergo successive rolling passes at elevated temperatures to achieve the desired
thickness and bonding. The recycled samples were analyzed and compared with bulk
material that was rolled according to the same thermo-mechanical schedule, focusing
on their mechanical properties and microstructure. Figure 1 schematically illustrates
the experimental procedure along with all the characterization techniques used. In the
following paragraphs, these steps will be described in detail.
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Figure 1. Schematic flow chart of the experimental procedure.

2.1. Chip Production and Cold Compaction

The chips used in this study were produced by a machining process without the use
of lubricants to avoid any contamination, by milling a billet of AA6063 manufactured by
Hydro Spa (Norsk Hydro, Oslo, Norway). The mean dimensions of the chips are 1.1 mm in
width and 25 & 20 mm in length. The nominal chemical composition is reported in Table 1.
This material was chosen because the AIMgSi family of aluminum alloys are widely used
in a lot of field and applications, with high production of chips as waste material, and even
in the automotive industry [32]. The as-received material is characterized by a 186 MPa
ultimate tensile strength (UTS) and 22% elongation to rupture. The shape of the machined
chips is shown in Figure 2a.
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Table 1. Chemical composition of the alloy (wt.%).
Element Si Fe Cu Mn Mg Cr Ni Zn Ti Al
wt.% 0.585 0.231 0.027 0.030 0.489 0.007 0.007 0.033 0.018 Bal.
i
i

it

(b)

Figure 2. (a) Chips before and after cold compaction; (b) picture of the die design used for compaction

(all measures in mm).

The first step in the recycling process is cold compaction. Thus, 35 g of chips were
compacted using a hydraulic press with an applied load of 200 kN using the die shown
in Figure 2b, resulting in billets with dimensions of 30 x 60 x 10.5 mm? and achieving a
density of approximately 68% of the bulk material (Figure 2a).

2.2. Heat Treatment and Direct Hot Rolling Process

All samples were annealed at 570 °C for 6 h in a muffle furnace (air atmosphere)
(Nabertherm, Lilienthal, Germany), and then hot rolled (HR) at 490 °C through several
consecutive passes without using any lubricant. These temperatures were selected based on
those commonly employed in the industrial setting for the secondary recycling production
of AA6063.

The rolling machine is a two-high rolling mill “BW200” manufactured by Carl Wezel
(Carl Wezel, Miihlacker, Germany), characterized by a 130 mm roll diameter and a constant
rotational speed of 52 rpm. Compacted chips and bulk material underwent the same rolling
passes as reported in Table 2. In order to restore the initial temperature of 490 °C after each
rolling pass, the samples were returned to the furnace to recover the temperature. Figure 3
shows a schematic overview of the process. After the 7th pass (1.5 mm of thickness), the
samples underwent different last rolling passes. In particular, the final cold rolling (CR)
pass was carried out with different values of 1.3, 1.2, 1.1, and 1.0 mm to reach the final
desired thicknesses (Figure 4), or a hot rolling (HR) pass was performed directly down to a
1.0 mm final thickness, for a total of 5 different rolling schedules, for both recycled chips and
bulk, and a total of 10 conditions. After the last rolling pass, all samples were immediately
water-quenched and conserved at —20 °C in order to avoid the onset of natural aging.
Table 2 reports the nominal thickness after every pass.

Table 2. Rolling schedules. The rolling passes are the same until the 7th pass. The last rolling pass is
different for every sample (hy indicates the thickness after the “x” rolling pass).

Number of Passes ho h1 h2 h3 h4 h5 h6 h7 h8
Chip billet [mm] 10.5 9 6 4.5 3.3 2.5 2 1.5 1.3/1.2/1.1/1.0
Bulk billet [mm] 10.5 9 6 45 3.3 2.5 2 15 1.3/1.2/11/1.0
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Figure 3. Schematic representation of the process.

Figure 4. Hot-rolled samples following schedule in Table 2 (a) for chips and (b) for bulk materials.

The jagged borders of the sample shown in Figure 4a were cut and could be considered
as scrap of the process, which needed to be recycled again using the same process.

2.3. Mechanical Properties

Mechanical properties were investigated for every condition, for both bulk material
and recycled chips, and measured in the as-rolled condition. Tensile tests and Vickers
microhardness tests were carried out to assess the mechanical properties. Samples were milled
with the geometry shown in Figure 5 according to ASTM E8/E8M and BS EN 895 [33,34].
The tensile tests were carried out with a material testing machine (Galdabini® SUNS500,
Cardano al Campo, Italy). Three replications were performed for each condition.
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Figure 5. Tensile sample scheme and dimension (all measures in mm).

Vickers microhardness was measured with a Shimadzu Microhardness Tester type M
(Shimadzu Corporation, Kyoto, Japan), with a load of 200 gf, for each condition along the
rolling thickness section.

2.4. Microstructure Analysis

The microstructure evolution of the rolled samples was analyzed by an optical micro-
scope and SEM/EBSD. Samples were prepared for optical analysis by cutting them along
the rolling directions, electropolishing them with H3PO4 at 70% at 75 °C, and then etching
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them with Barker’s reagent (HBF, at 5%). Micrographs were obtained for both recycled
chips and bulk samples under polarized light with the usage of an optical microscope Leica
78 Wild M420 (Leica Microsystems, Amsterdam, The Netherlands).

SEM samples were cut along the rolling direction and mechanically polished. For
EBSD analysis, the samples were further electropolished to remove the deformation layer
and scratches. The electropolishing process was conducted using a Struers Lectropol-5 and
Struers AC2 electrolyte, applying 20 V for 20 s. The SEM/EBSD evaluation was carried out
on a FEG-SEM Zeiss Ultra 55 Gemini (Carl Zeiss, Oberkochen, Germany) equipped with
an EDAX Hikari-Camera for EBSD (EDAX, Mahwah, NJ, USA) and two EDS detectors:
SiLi and Apollo-SDD (EDAX, Mahwah, NJ, USA). The dimensions of the EBSD maps are
250 x 300 pm with a step of 0.4 um, providing a detailed spatial resolution that captures
the intricacies of the material’s microstructure across a substantial area.

3. Results and Discussions

AA6063 is a magnesium-silicon-precipitation-strengthened heat-treatable aluminum
alloy obtained by aging heat treatment, with the hardening precipitate being Mg5,5i.
The results are discussed in detail in the following paragraphs.

3.1. Metallographic Analysis

The micrographs in Figure 6 show a comparison between the optical microstructure of
the bulk and recycled chip samples for all the rolling schedules.

S
g
Chips - FIR10.~

Figure 6. Cont.
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Chips - CR1.3

Figure 6. Optical micrograph of (a) Bulk HR1.0 sample, (b) Bulk CR1.0 sample, (c) Bulk CR1.1 sample,
(d) Bulk CR1.2 sample, (e) Bulk CR1.3 sample, (f) Chips HR1.0 sample, (g) Chips CR1.0 sample,
(h) Chips CR1.1 sample, (i) Chips CR1.2 sample, and (j) Chips CR1.3 sample. Rolling direction (RD)
is parallel to the scale bar.

As can be seen from Figure 6a-e, relative to the bulk samples, long elongated grains
are visible in CR1.0 and CR1.1 conditions, while they are less evident in the CR1.2 and
CR1.3 samples due to the low reduction rate. HR1.0 shows slightly elongated grains in the
RD for the bulk sample, whereas in the recycled sample, the HR1.0 sample (hot-rolled until
1.0 mm thickness), the microstructure appears very layered; this is due to the prior cold
compaction and subsequent plastic deformation by hot rolling of the chips. Comparing
HR1.0 with the CR1.0 condition (Figure 6£,g), cold-rolled from 1.5 mm to 1.0 mm thickness,
it can be observed that cold rolling provided a very layered structure with distinct bands
with a lower thickness than in the HR condition. The micrographs show the presence of
several chips layers, which appear separated by thick oxide films; elongated crystalline
grains result that are decorated by these particles. Comparing the metallography of the chip
cold-rolled samples, from the CR1.3 condition to CR1.0, it can be observed that increasing
cold rolling in the last step results in a higher density of metal layers due to the reduction
in the cross-sectional area of the individual layers.

Bulk HR1.0 and Chips HR1.0 (Figure 6a,f) illustrate the microstructural differences
between bulk material and chips after hot rolling to a thickness of 1.0 mm. The bulk material
displays more homogeneity, while the chip-derived material shows more heterogeneity
and layering due to the prior machining process and inherent material inconsistencies like
oxidized surfaces.

Bulk CR1.0 and Chips CR1.0 (Figure 6b,g): Both bulk and recycled samples, cold-
rolled to 1.0 mm, exhibit significant strain alignment. The bulk sample displays a highly
aligned, elongated microstructure along the rolling direction, typical of plastic deformation.
Conversely, the recycled chips retain a more layered structure with visible striations from
original chip boundaries. Potential oxide layers within these chips may hinder recrystal-
lization and grain growth.

The micrographs illustrate how the initial material state—bulk or chips—significantly
impacts the post-processing microstructure. Homogeneous bulk materials deform uni-
formly, exhibiting classic metal flow and structure development. Conversely, recycled
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chips, due to initial discontinuities, show a final layered microstructure in all samples,
although with varying degrees of layer thickness.

3.2. EBSD-SEM Analysis

MATLAB and the MTEX toolbox [35,36] were employed to facilitate the comprehensive
analysis and visualization of the EBSD data. Inverse Pole Figure (IPF) maps and pole figures
were generated to provide visual insight into the crystallographic orientation and texture
of the materials.

Figures 7 and 8 show IPF maps from EBSD measurements of both bulk and chip
samples in the CR1.0 and HR1.0 conditions, respectively. The histogram of misorientation
angles excludes angles below 3°, which is considered as an accuracy limit of this technique.
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Figure 7. EBSD analysis of the CR1.0 samples. (a) IPF map of Bulk CR1.0; (b) IPF map of CR1.0 chips.

Histogram of misorientation grain angle, respectively, for bulk (¢) CR1.0 and (d) CR1.0 chips. Rolling
direction (RD) is parallel to the scale bar.
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Figure 8. EBSD analysis of the HR1.0 samples. (a) IPF map of Bulk HR1.0; (b) IPF map of HR1.0
chips; and histogram of misorientation angle, respectively, for bulk (¢) HR1.0 and (d) HR1.0 chips.
Rolling direction (RD) is parallel to the scale bar.

In the Inverse Pole Figure (IPF) maps, the grain boundaries are distinctly marked by
black lines with a misorientation angle 0 > 12°. High-angle boundaries, such as those marked
on the maps, are particularly significant because they influence mechanical properties.

In Figure 7a, the IPF map of the CR1.0 bulk sample is presented. The IPF map
shows large, elongated grains along the rolling direction. This is consistent with the
deformation expected from cold rolling. The histogram (Figure 7c) of the misorientation
angle distribution shows a peak at lower angles, consistent with a large number of low-
angle boundaries, which is indicative of a material that has been cold-deformed and has
generated some substructures, which are clear signs of dynamic recovery (DRV). DRV
stabilizes the material’s structure without causing complete recrystallization by rearranging
dislocations, which reduces the material’s stored energy. Consequently, even though
some recovery takes place, it is insufficient to cause dynamic recrystallization (DRX) to
spread widely.
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In Figure 7b (IPF map of CR1.0 chips), the grains appear smaller and more layered
compared to the bulk material. The histogram in Figure 7d has a broader distribution of
boundary angles, showing a peak at lower angles, but with a significant fraction of high-
angle grain boundaries. This can be attributed to the inherent characteristics of the chips
used as the base material. It is plausible that the initial deformed high-angle-boundary
grains and the oxides covering the chips may conserve these grains during hot rolling,
leading to the observed layered microstructure with some onset of small recrystallized
grains, in contrast to the bulk sample [37]. Therefore, a less uniform microstructure results
from the presence of oxides and other inclusions, which prevents the formation of a
homogeneous subgrain structure. With a discernible percentage of high-angle boundaries
and a wider distribution of misorientation angles in the histogram (Figure 7d), it appears
that DRV is less successful in the chip sample than in the bulk sample. Incomplete subgrain
formation and some onset of DRX result from the disruption of the DRV process caused by
initially deformed high-angle-boundary grains and oxides.

Figure 8 provides the EBSD analysis of HR1.0 samples, both bulk and chip. Figure 8a
(IPF map of bulk HR1.0) shows large, elongated grains typical of hot rolling processes.
The variety of colors across individual grains suggests there may be some degree of
texture development, with certain crystallographic orientations aligning with the rolling
direction. The dense network of low-angle boundaries (Figure 8c) indicates the presence
of a structured microstructure with the presence of subgrains free of dislocations. The
histogram (Figure 8c) for the bulk HR1.0 shows two peaks: one at low- and one at high-
angle boundaries, which can be associated with a mixture of recovered and recrystallized
grains. This pattern indicates that the material has undergone significant DRV and partial
DRX. The new high-angle boundaries suggest that some grains have fully recrystallized,
but the process is not complete.

Figure 8b shows the IPF map of the recycled chips in the HR1.0 condition. This
microstructure is significantly different from the bulk sample. The grains are smaller
and elongated in the RD and show more color variation, which indicates a higher degree
of random orientation. In the histogram of the misorientation angles of HR1.0 chips
(Figure 8d), there is a higher density of low-angle boundaries than in the bulk material,
with a decreasing trend for high-angle boundaries. This suggests that the sheet produced
from chips has a microstructure that has been highly deformed and this results from the
material from which it was made (i.e., the chip), which does not undergo fully DRX even if
a few small grains are present at the grain boundary. In the HR1.0 chip sample, DRV is the
primary mechanism affecting the microstructure. The low-angle boundaries indicate that
subgrains have formed, but the lack of significant high-angle boundaries suggests that DRX
is limited. The oxide inclusions and prior chip boundaries prevent the complete formation
of new grains, limiting the extent of DRX.

In conclusion, the EBSD analysis shows that the HR1.0 bulk material has undergone
deformation and partial recrystallization, as evidenced by the distribution of misorientation
angles and the presence of high-angle boundaries. Conversely, the HR1.0 chips exhibit a
higher proportion of low-angle boundaries in the histogram and a peak at lower angles,
indicating widespread deformation with less recrystallization.

As a result of the extreme plastic deformation that occurs during the last rolling pass,
the cold-rolled bulk sample usually exhibits more noticeable grain elongation along the
rolling direction. Due to dislocation accumulation during deformation, the histogram of the
misorientation angle shows a high density of low-angle boundaries. Due to the formation
of new grains during recrystallization, the hot-rolled bulk, on the other hand, exhibits a
peak of high-angle boundaries and a lower density of low-angle boundaries.

Because the grains are aligned along the rolling direction, the cold-rolled chips’ grains
appear significantly deformed, have a high degree of elongation, and have a more noticeable
texture. A high density of localized low-angle boundaries can be observed, showing the
plastic deformation experienced by the material but with a consistent presence of high-
angle boundaries due to the nature of the base material. Similar to the CR chips, the HR
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chips show extensive deformation, though with differences in grain size and shape due
to the higher temperatures during rolling, which can promote some recrystallization. A
more uniform distribution of low-angle boundaries and a reduction in their overall density
suggest the effects of recovery and partial recrystallization phenomena.

3.3. SEM and EDS Analysis

Figure 9 is a composite of Energy Dispersive X-ray Spectroscopy (EDS) maps of the
AA6063 bulk HR1.0 sample.

-

SE1 F— s5um 3000x

Figure 9. EDS map of Bulk HR1.0. Rolling direction (RD) is parallel to the scale bar.

The bright areas in the silicon and iron maps indicate the presence of (3-AlFeSi in-
termetallics rich in these elements. These intermetallics appear in light gray in the SEM
image at the bottom. The Mn map appears to be uniform except for few round-shaped
spots, suggesting that these could be x-Al(MnFe)Si intermetallics [38,39]. From the EDS
analysis, the composition of these intermetallics is 83.9 wt.% Al, 11.6 wt.% Fe, 3.6 wt.% Si,
and 0.9 wt.% Mn.

The map of Mg is uniformly green, suggesting that magnesium is distributed through-
out the matrix of the sample in solid solution. It is possible to detect the absence of oxygen
within the detectable surface, meaning that the sample surface is free of oxidation, as might
be expected in bulk samples.

The aluminum map shows a uniform distribution, except for a few isolated areas of
low concentration where the concentration of other elements is higher. The presence and
distribution of alloying elements and impurities can significantly affect the properties of the
alloy. The presence of 3-AlFeSi intermetallics may reduce the ductility of the alloy because
they are typically harder and more brittle than the aluminum matrix. The needle-like or
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plate-like precipitates that can form in the case of 3-AlFeSi can act as stress concentrators
and crack initiation sites when subjected to stress or deformation.

The shape and distribution of the iron-rich phase within an alloy are influenced by
various factors, including the alloying elements, the cooling rate, and iron content [40]. To
address this issue, heat treatment is often employed to alter the shape of the particles from
needle-like (acicular) to a more rounded form, x-Al(MnFe)Si, which enhances ductility.

An analogous evaluation can be applied to the EDS map of the Bulk CR1.0 sample
shown in Figure 10. The only detectable particles within the sample are composed of
aluminum, iron, silicon, and a small amount of manganese. The majority of these particles
exhibit a needle-like morphology, suggesting that the 3-AlFeSi are more numerous than
a-Al(MnFe)Si phase.

-

SE1 — s5um 3000x

Figure 10. EDS maps of Bulk CR1.0. Rolling direction (RD) is parallel to the scale bar.

The SEM analysis for the recycled chip samples yields results that are largely consistent
with previous results; the main distinction is the presence not only of intermetallics, but
also the persistent visibility of oxide particles (Figures 11 and 12).

The observation of oxides aligned with the rolling direction (RD) and being broken
indicates that the mechanical processing has affected the oxide inclusions within the
AA6063 recycled chips. The oxides” alignment and fragmentation pattern appear to result
from the deformation process during rolling. Although the oxides have experienced
fracturing due to the rolling process in both the HR1.0 and CR1.0 samples, the oxide
particles in the HR1.0 have not been fragmented as finely as those in the AA6063 CR1.0.
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Figure 11. EDS maps of Chips CR1.0. Rolling direction (RD) is parallel to the scale bar.
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Figure 12. EDS map of Chips HR1.0. Rolling direction (RD) is parallel to the scale bar.
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In recycled chips, it is common to have more inclusions and higher oxygen content
due to oxidation during machining. Whenever magnesium (Mg) is present as an alloying
element, Aluminum oxide (Al,O3) consistently coexists with Magnesium oxide (MgO).
This association has been reported by several studies in the literature [37,41]. The presence
of MgO could locally affect the concentration of magnesium in the matrix. The oxidation
of magnesium hinders the alloy strengthening through Mg,Si precipitation, as some of
the magnesium is combined with oxygen. The presence of MgO is clearly visible in
Figures 11 and 12. The oxides form a complex network known as prior chip boundaries
(PCBs), dividing the material into distinct regions. These boundaries primarily consist
of oxides (MgO and Al,O3), with additional intermetallic compounds and precipitates.
Similar to the extrusion process, in the recycling process based on rolling, the thin oxide
layers originally present may increase during all the steps of the recycling process at high
temperatures, from the heat treatment to the hot rolling passes. The oxides are aligned
with the rolling direction (RD), indicating the effect of mechanical processing. The cold-
rolled samples (CR1.0) show finer fragmentation compared to the hot-rolled samples
(HR1.0), highlighting the impact of rolling temperature on oxide distribution. In any
case, the breakage of the oxides is favorable to the continuity of the matrix and could be
considered a way to determine the quality of the bonding between chips, enhancing the
recycling process.

3.4. Mechanical Properties

Figure 13 shows the microhardness results for the rolled samples. The as-received
material exhibits an average hardness of 61.1 HV. The bulk material demonstrates an
increase in hardness with increasing cold plastic deformation. In contrast, the HR condition
shows lower hardness compared to the other conditions, which can be attributed to the
effect of recovery and recrystallization rather than the strengthening effect of cold rolling.

BULK CHIPS

100

80 I ) I I .
60 I I

Bl " I
I40 -
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HR 1.0 CR1.3 CR1.2 CR1.1 CR1.0

Figure 13. Microhardness HVj, (obtained using 0.2 kgf) in as-rolled conditions of bulk and chip
samples with different final thicknesses.

Since AA6063 is a heat-treatable aluminum alloy, the potential for strengthening
through cold working is limited. Nevertheless, among the recycled samples, the CR1.0
condition exhibited the highest hardness. This sample underwent hot rolling to 1.5 mm
followed by cold rolling to 1.0 mm, indicating a more severe plastic deformation in the
final step. The extensive deformation resulted in greater hardening of the rolled chips
compared to other conditions, which involved cold rolling from 1.5 mm to final thicknesses
of 1.1 mm, 1.2 mm, and 1.3 mm. Notably, the hardness of the CR1.0 sample surpassed both
the other rolled conditions and the as-received material. This suggests that the larger plastic
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deformation under this condition results in greater strengthening of the rolled chips. A
comparison between the HR1.0 and CR1.0 samples clearly demonstrates that the final cold
rolling pass, rather than hot rolling, is primarily responsible for the enhanced hardness,
which is attributed to the strain hardening effect.

Figure 14 presents the stress—strain curves obtained from the tensile tests of all sam-
ples, and the corresponding mechanical properties are summarized in Table 3. Since an
extensometer could not be used on the recycled chip samples due to their poor surface
quality, the curve profiles differed significantly from those of the bulk samples, particularly
in the elastic region. The UTS of the bulk material increased with the cold rolling strain
applied to the samples. However, this improvement was accompanied by a decrease in
ductility due to the strengthening effect. Compared to CR1.0, the HR1.0 condition has a
higher elongation and a lower UTS.
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Figure 14. Representative stress vs. strain curves for the studied conditions.

Table 3. Ultimate tensile strength (UTS) and elongation to failure (A%) of all samples, in as-rolled conditions.

Tensile

Material . HR 1.0 CR 1.3 CR 1.2 CR 1.1 CR 1.0 As Received (O)
Properties
UTS [MPa] 182.3 £3.7 175.0 £ 1.2 1854+ 1.6 221.1+6.0 219.1 +£1.7 186
Bulk A% 87+1.6 81+20 80+1.5 75+ 1.8 75+20 22
Chips UTS [MPa] 1549 +£14.2 138.4 £+ 26.0 145.5 £ 8.2 131.3 £ 134 1774 +£7.1 -
A% 47 +33 47 £3.2 3.0£27 47 +£2.7 70+£3.5 -

Compared to the as-received material (UTS = 186 MPa, elongation = 22%), the pro-
cessed (CR) samples exhibited a higher UTS but reduced ductility. The absence of subse-
quent heat treatment in the as-rolled condition likely contributed to this discrepancy. EDS
analysis revealed a significant presence of 3-AlFeSi intermetallic phases in both the CR1.0
and HR1.0 bulk samples, which are known to diminish ductility.

The CR1.0 sample had the highest UTS (~180 MPa) and elongation (7%) of all the
recycled chips, consistent with the microhardness results. The considerable plastic defor-
mation that occurs during cold rolling to 1.0 mm enhanced the strength and improved chip
consolidation, leading to increased ductility.

The HR1.0 chips, which are hot-rolled to a thickness of 1.0 mm, are less ductile and
have a lower ultimate tensile strength (UTS) than the CR1.0 chips. This comparison em-
phasizes the importance of extensive cold plastic deformation in enhancing the mechanical
properties of recycled chips. Considering all the evaluated conditions, the process with the
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highest cold work resulted in the most pronounced increases in ductility and UTS. Nonethe-
less, all recycled samples displayed a lower UTS and elongation (A%) in comparison to the
bulk material.

3.5. Fracture Surface

Figure 15 presents SEM fracture surfaces of the chip and bulk materials hot-rolled to
1.0 mm at 1000 x magnification.

Mag= 1.00K X

Sample ID = HR1.0_fracture

Figure 15. Fracture surface of HR 1.0 bulk (a) and HR 1.0 chips (b).

The bulk sample of HR1.0 exhibited a primarily ductile fracture morphology, with
numerous dimples and voids. These characteristics suggest that void nucleation, growth,
and coalescence led to ductile failure. Differences in dimple distribution and size indicate
non-uniform stress or microstructural heterogeneity. Intermetallic 3-AlFeSi phases were
evident within many voids. The absence of pronounced layered structures implies good
material cohesion and uniformity, as expected for bulk materials.

In contrast, the HR1.0 chip sample exhibited a mixed fracture mode including both
ductile and planar features. The elongated, layered regions suggest incomplete chip
bonding or preferential fracture paths along the prior chip boundaries. Smaller dimples
and voids interspersed within these regions indicate localized plastic deformation. The
mixed fracture behavior likely arises from the challenges associated with chip consolidation,
leading to a combination of well-bonded regions and potential weak points or defects.

In summary, the base material sample exhibits a classic ductile fracture pattern
(Figure 15a), whereas the chip-derived material (Figure 15b) demonstrates a more complex
fracture mode influenced by its origin and complexities associated with chip consolidation.

Similar results were obtained by analyzing the SEM images of the fracture surfaces of
the CR1.0 bulk and chip samples (Figure 16).

The bulk sample’s fracture surface demonstrated a predominantly ductile failure
mode, with a dense distribution of dimples and microvoids. These microvoids, which
indicate ductile fracture, form as a result of void nucleation, growth, and coalescence while
deforming. The microvoids’ relatively uniform size and distribution suggest a consistent
stress distribution within the material. Intermetallic 3-AlFeSi particles frequently serve as
nucleation sites for microvoids. The absence of pronounced layered or laminar structures
is indicative of the inherent cohesion of the material, as expected in bulk materials.

In contrast, the recycled chip sample displayed a mixed fracture morphology that
combined ductile and brittle characteristics. There are elongated laminar regions, which
could represent original chip boundaries or material inhomogeneities, interspersed with
ductile dimple formation. This mixed fracture behavior demonstrates the difficulties
associated with consolidating recycled chips, which results in a mix of well-bonded regions
and potentially weak interfaces.
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Figure 16. Fracture surface of CR1.0 bulk (a) and chips (b).

Their mechanical properties support these findings. While recycled chips typically
have a lower UTS and elongation than the bulk material, the CR1.0 condition is closer to
the bulk properties. However, both conditions differed significantly from the as-received
material, which had 22% elongation. Fracture surface analysis revealed that 3-AlFeSi
particles caused reduced ductility in the bulk material by acting as void nucleation sites.
The layered fracture morphology of the recycled chips demonstrates that poor inter-chip
bonding is the primary factor limiting ductility.

4. Conclusions

This study successfully demonstrates the feasibility of a novel solid-state recycling
process, Direct Hot Rolling (DHR), for aluminum alloy AA6063 chips. In particular, the
following were observed:

e  The recycled chip samples achieved good mechanical properties, particular in the
CR1.0 condition, where the bulk exhibited a UTS of 218 MPa, and the recycled chips
reached 177 MPa with similar elongation.

e  Microstructural analysis revealed a layered structure in all recycled chips. This is due
to the inherent nature of the base material. SEM and EDS analysis showed broken
oxide layers on the recycled material, facilitating aluminum matrix continuity and
aligning with the rolling direction. The presence of Mg in the alloy leads to the
formation of a mixed oxide layer (aluminum and magnesium oxides) on the chips.

e By varying rolling schedules, in the recycled samples, it was found that cold rolling in
the final pass enhanced the mechanical properties to a UTS of 177 MPa (CR1.0 condition)
compared with just hot rolling (155 MPa in the HR1.0 condition).

e  SEM analysis revealed distinct fractures in the bulk and chips. The bulk material fractured
in a ductile manner, while the chips showed a mixed mode due to consolidation challenges.

e  Given the oxidation of magnesium, recycling aluminum-silicon-magnesium alloys
from chips requires the addition of magnesium to ensure the effectiveness of the
aging treatment.

This research highlights the potential environmental benefits of solid-state recycling of
aluminum alloys. By eliminating the need for remelting, DHR reduces energy consumption
and greenhouse gas emissions compared to traditional recycling methods.

Future studies will focus on investigating the effect of heat treatment parameters to
further enhance the mechanical properties and microstructural homogeneity of recycled
material. The DHR process can be easily integrated into existing industrial rolling plants
with minimal modifications, providing a cost-effective and environmentally friendly recy-
cling route. However, for successful industrial application, the possibility of mixing 6xxx
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and 5xxx alloys could be studied to increase the overall Mg content in the recycled alloy,
compensating for losses due to oxidation.
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