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Abstract

This study presents a novel method for recycling aluminum chips through direct hot rolling, eliminating the need for con-
ventional melting processes. The solid-state recycling (SSR) approach reduces energy consumption, minimizes material
loss, and mitigates environmental impact. Chips of pure aluminum (99.9wt.%) produced by turning were compacted, heat
treated and subjected to hot rolling. Both compacted chips and parent-bulk material underwent the same rolling schedule
achieving the final thickness of 0.8 mm. The produced sheets were subjected to microhardness, tensile tests, microstructure
analysis (optical and SEM-EBSD techniques), density measurements, and corrosion tests. The recycled sheets exhibited
average mechanical properties close to those of the parent-bulk material, albeit with higher data dispersion, with an Ulti-
mate Tensile Strength (UTS) of 94.6 vs. 94.4 MPa, elongation at fracture (A%) of 7.0 compared to 7.1%, microhardness
of 26.2 vs. 28.4 HV respectively, and lower corrosion rate for recycled chips. Overall, the results demonstrate the funda-
mental feasibility of direct hot rolling as a solid-state recycling route for pure aluminum chips under controlled conditions.
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1 Introduction

Aluminum is one of the most widely used metals in indus-
trial applications due to its excellent mechanical proper-
ties, low density, high corrosion resistance, and superior
recyclability. Recycling aluminum saves up to 95% of the
energy required for primary production, making it a key-
stone of circular economic strategies. However, based on
remelting scrap, conventional recycling methods incur sig-
nificant energy costs and material losses due to oxidation
and dross formation [1].

Solid-state recycling (SSR) has emerged as a promising
alternative, consolidating aluminum chips into bulk mate-
rial without melting. Existing SSR methods, such as extru-
sion [2], ECAP [3], friction stir processing [4], friction stir
consolidation [5], or spark plasma sintering [6], often need
specialized equipment or additional preprocessing steps,
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complicating industrial scalability for large production.
Even so, some attempts to scale SSR to industrial scale
has been made [7]. Direct integration of SSR into estab-
lished manufacturing workflows remains a critical chal-
lenge, particularly for high-volume applications like sheet
production.

Among the various SSR techniques, direct hot rolling of
compacted aluminum chips presents a promising approach
for producing high-quality aluminum sheets without the
need for melting [8]. This method is more energy-efficient
than traditional aluminum recycling routes, as it avoids the
melting step. Furthermore, it minimizes material loss and
mitigates environmental impact [9, 10]. Direct hot rolling
has been shown to effectively bond chip interfaces and pro-
duce consolidated sheets with mechanical properties com-
parable to wrought material in alloys such as AA3105 [11].
Moreover, combinations of direct rolling and severe plastic
deformation techniques such as accumulative roll bonding
(ARB) have demonstrated enhanced microstructural refine-
ment and mechanical performance [12].

This study investigates the feasibility and effectiveness
of direct hot rolling for recycling pure aluminum (AA1099)
chips, focusing on the mechanical, microstructural, and
corrosion properties of the recycled sheets. The use of
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ultra-high purity aluminum (AA1099) is intended as
a controlled and simplified model system to verify the
fundamental consolidation mechanism of direct hot
rolling under ideal, uncontaminated conditions. Therefore,
the present work should not be interpreted as a direct
demonstration of industrial-grade chip recycling, where
machining swarf typically contains lubricants, surface
contaminants, alloying elements, and heterogeneous oxide
layers. Instead, this study aims to isolate the intrinsic
bonding and consolidation behavior of pure aluminum chips
during direct hot rolling. The objective of this research is to
assess whether the mechanical performance of the recycled
material is comparable to that of bulk aluminum processed
under similar conditions. The study evaluates key mechanical
properties such as tensile strength, microhardness, and
elongation, alongside microstructural analysis using optical
microscopy and scanning electron microscopy (SEM-
EBSD). Additionally, corrosion resistance is examined
through potentiodynamic polarization tests to determine
the long-term stability of the recycled aluminum in chloride
environments.

Fig. 1 (a) Schematic represen-
tation of the direct hot rolling

recycling process; (b) compacted a)
aluminum chips prior to rolling;
(c) chips-based sample after the
1 st rolling pass; (d) chip-based

' —
 cmd fnd !

2 Materials and methods
2.1 Recycling process: the direct hot rolling method

Aluminum chips (AA1099) were prepared. The machining
process was carried out without the usage of lubricants, by
turning a bar of high purity aluminum (99.99 wt%). Then,
chips were cold compacted with an applied load of 150 kN
with servo-hydraulic universal testing machine (MTS Sys-
tems Corporation, USA). Since the dimensions of compacted
chips are estimated in cylinders of 40 mm of diameter and 9
mm height (Fig. 1b) the compacting pressure is around 120
MPa. Compacting pressure was chosen to obtain a relative
density of around 80% and to make the chips handleable for
subsequent operations [13]. The as received bar was char-
acterized by 80 MPa UTS and 38% elongation according to
the manufacturer.

All samples were heat treated for 2 h at 400 °C in a muffle
furnace in ambient air, then hot rolled (HR) with several con-
secutive passes with the BW200 “Carl wezel, Miihlacker” at
the rotation speed of 52 rpm with rolls diameter of 130 mm.

»

sample after the 3rd rolling pass;
() chip-based and bulk samples AA1.099 Compacted Heat trea.ltment/ Hgt Rolled
after the final rolling pass; (f) Chips chips heating rolling samples

comparison of the two samples
after trimming the irregular edges
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The samples were heat treated and heated before hot roll-
ing using a Nabertherm N50 muffle furnace. The selected
heat treatment temperature and duration were not intended
to define an optimized processing condition, but rather to
provide a representative and conservative parameter set
suitable for solid-state recycling via thermomechanical
consolidation. In particular, annealing temperatures around
400 °C have been widely reported as critical for promot-
ing recrystallization in high-purity aluminum after severe
plastic deformation, while avoiding excessive grain growth
[14, 15].

Compacted chips and bulk-material underwent simi-
lar rolling passes reported in Table 1. The chosen rolling
schedule was kept as close as possible to that of industrial
rolling passes. To restore the initial temperature of 400 °C
after each rolling, samples were returned to the furnace for
10 min. The temperature of the rolls was kept at room tem-
perature. After the last HR pass (7th pass), samples were
fast cooled to room temperature. Finally, one last pass at
room temperature (Cold rolling - CR) was carried out on
every sample to reach the final thickness of 0.8 mm. This
approach, commonly adopted in industrial rolling routes,
allows improved dimensional accuracy and surface fin-
ish, while enhancing mechanical properties through work
hardening and increased dislocation density [16]. Table 1
reported nominal thickness for every pass. Figures 1b-d
show the samples during the rolling process.

In Fig. l.e is shown one recycled-chips sample and a
bulk-material sample. The chip-derived sheets exhibited
jagged and sawtooth-like edges after multi-pass rolling, as
shown in Fig. 1.f, leading to material losses during trim-
ming. It should be noted, however, that edge trimming is
a standard and unavoidable operation also in conventional
rolling processes for aluminum sheets.

During the rolling experiments, key process parameters
such as roll surface condition, roll temperature, and rolling
speed were intentionally kept constant in order to isolate the
effect of the recycling route itself. The rolls were maintained
at room temperature and operated at a fixed rotational speed
of 52 rpm, consistent with laboratory-scale rolling condi-
tions and previous studies on direct hot rolling of aluminum
chips [11, 12].

Although parameters such as friction coefficient, roll
temperature, and rolling speed are known to influence metal
flow, rolling force, and recrystallization behavior, a system-
atic sensitivity analysis was beyond the scope of the present
feasibility-oriented study. However, to provide a quantitative

description of the rolling process, the main process param-
eters, including thickness reduction, rolling force, torque,
and power requirements, were estimated using classical
rolling theory. These calculations are intended to provide
an order-of-magnitude assessment of the process mechan-
ics rather than a full thermo-mechanical modeling and were
evaluated according to [17, 18].

Table 2 summarizes the estimated mechanical parameters
associated with each rolling pass of the bulk reference mate-
rial. For each pass, the thickness reduction and the corre-
sponding true strain were first determined as:

h
e =In (hj) (1)

The strain rate was estimated from the roll kinematics as:
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where v istherollperipheralspeedand L. = \/R(ho — hy)

is the roll-strip contact length.

The flow stress was then evaluated using a Hensel-Spit-
tel constitutive equation [17], expressed as a function of
strain, strain rate, and temperature. Based on the resulting
flow stress, the roll force per unit strip width was calculated
as:

F=P,L. 3)

where P, is the mean pressure on the rolls calculated based
on Orowan-Pascoe theory. The rolling torque per roll and
per unit width was determined using:

M, = FAL, 4)

where A is an experimentally determined coefficient,
dependent on the rolling regime (0.5 for Hot Rolling and
0.4 for Cold Rolling).

Since the experimental rolling mill is equipped with two
mechanically coupled rolls driven by a single motor, the
total rolling torque was obtained by summing the contribu-
tion of both rolls. The rolling power per unit width was then
calculated as:

W = 2Mw (%)

Table 1 Rolling schedules adopted for bulk AA1099 and compacted chips. hx indicates the nominal thickness after the “x-th” rolling pass. Passes
hO to h7 correspond to hot rolling (HR), while h8 represents the final cold rolling (CR) pass

N. of passes hO hl h2 h3 h4 h5 h6 h7 h8 (CR)
Bulk [mm] 10 8 6.5 5 4 2.5 1.75 1.25 0.8
Chips [mm] 9 5 4 2.5 1.75 1.25 0.8
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Table 2 Bulk AA1050 rolling schedule results. For each rolling pass, the table reports thickness reduction A h, true strain € = In(hin /hout)
, rolling force per unit width (N/mm), rolling torque per unit width, and total power per unit width (kW/m). Passes 1-7 correspond to hot rolling
(HR), while pass 8 corresponds to the final cold rolling (CR) step. Torque and power are reported as total values for the two-roll mill (single motor

with geared rolls)

Rolling regime Rolling Pass  Thickness reduction True strain (mm/mm)  Rolling force (NV/mm) Rolling torque (N-m/ Rolling
(mm) mm) power
(W/mm)
HR 1 2 0.22 676 2.7 29.4
HR 2 1.5 0.21 598 2.1 22.5
HR 3 1.5 0.26 656 2.3 24.7
HR 4 1 0.22 540 1.5 16.6
HR 5 1.5 0.47 910 3.1 342
HR 6 0.75 0.36 647 1.6 17.2
HR 7 0.5 0.34 570 1.1 124
CR 8 0.45 0.45 2039 3.9 42.0

where w = 27 N/60 is the angular velocity of the rolls and

N is the roll rotational speed. For each pass, the thickness
reduction, corresponding true strain, rolling force, torque,
and power requirements are reported on a per-unit-width
basis, allowing a consistent comparison across the rolling
schedule. Passes 1-7 correspond to hot rolling (HR), where
deformation is assisted by elevated temperature, while pass
8 represents the final cold rolling (CR) step carried out at
ambient temperature. Results are shown in Table 2.

2.2 Material characterization

To assess the efficiency of the direct rolling process for
recycling, each sample was analyzed in terms of mechanical
properties, microstructure, density, and corrosion resistance.
These tests were chosen to assess the mechanical strength
and environmental durability of the recycled material.

The density of the samples was determined according
to the well-known Archimedes principle by immersion in
distilled water [19], providing a macroscopic evaluation of
bulk density and overall densification. Mechanical prop-
erties were evaluated through tensile testing and Vickers
microhardness measurements. Microstructural character-
ization was performed using optical microscopy, scanning
electron microscopy (SEM), and electron backscatter dif-
fraction (EBSD). Corrosion behavior was assessed using
potentiodynamic polarization tests. All these tests were
conducted exclusively on the fully rolled sheets. The com-
pacted and heat-treated chip preforms were not mechani-
cally tested, as they were intermediate states prior to rolling
and not representative of the final consolidated material.

Tensile testing was conducted on all hot rolled sheets. At
least five tensile specimens were machined from both recy-
cled chip and bulk material conditions, along with rolling
direction (RD). Testing followed the ASTM E8/ESM and
BS EN 895 standards and was performed using a Galdabini
SUNS00 electromechanical universal testing machine with
a maximum axial load capacity of 5 kN.

@ Springer

Vickers microhardness measurements were performed
in accordance with ASTM E-384. For each material con-
dition, a minimum of six Vickers microhardness indenta-
tions were performed on the transverse section at half of
the sheet thickness, with the indents aligned along the roll-
ing direction (RD). Prior to testing, sample surfaces were
ground to a 2500-grit. Measurements were carried out using
an EmcoTest M1CO010 microhardness tester.

To further assess the surface quality of the rolled sheets,
areal surface roughness (Sa) were measured on both bulk
and recycled chip-based AA1099 samples in the as-rolled
condition. Measurements were performed using a Keyence
VHX-X1 digital microscope equipped with 3D surface
reconstruction capability on representative areas to evalu-
ate potential topographical differences induced by the chip-
based feedstock.

Microstructural analysis was conducted on both bulk
and chip-derived samples using an Olympus BX53M in
polarized light microscope. Standard metallographic prep-
aration techniques were employed, including cutting, resin
mounting, grinding to a 2500-grit finish, and polishing
with a 3 um diamond suspension followed by a 0.25 um
colloidal silica (OP-S) solution. Samples were etched with
Barker’s reagent (5% HBF,) using a Struers Lectropol-5
at 20 V and examined under polarized light to reveal the
grain structure.

For SEM analysis, samples were mechanically polished,
while for EBSD measurements, an additional electropolish-
ing step was required to eliminate surface deformation and
scratches. The last was performed using Struers Lectropol-5
with Struers AC2 electrolyte at 20 V for 20 s. The SEM/
EBSD characterization was conducted using a Zeiss Ultra
55 Gemini FEG-SEM.

2.3 Corrosion tests

To investigate the corrosion behavior of both recycled-chip
and bulk material samples, potentiodynamic polarization
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tests were conducted at room temperature in a neutral 3.5%
NaCl aqueous solution. All samples were tested in as-rolled
condition, with at least three repetitions performed for each
condition.

Sample preparation involved cutting specimens to
15%15 mm? dimensions, grinding them to a 2500-grit fin-
ish, and then cleaning with ethanol. This procedure was
implemented to remove potential iron contamination from
the rolling process, which could act as cathodic sites and
accelerate galvanic corrosion in aluminum, thereby ensur-
ing uniform and reliable surface conditions for accurate cor-
rosion measurement. The tests were conducted in a standard
setup with 3-electrode within a plexiglass cell.

Throughout the experimentation, a stirrer was employed
to maintain solution consistency. Samples were fixed to a
cell with a 0.5 cm? opening, ensuring a constant exposed
surface area. Each sample was mounted in the cell using
an O-ring and a screw to ensure both a seal and electrical
contact, with a defined exposed area of 0.5 cm?. After filling
the cell with the NaCl solution, any air bubbles formed on
the sample surface were removed using a pipette. Figure 2.a
depicts a picture of the actual experimental setup, while Fig.
2.b provides a schematic representation. Finally, the coun-
ter and reference electrodes were introduced into the cell to
proceed with the analysis.

As already mentioned, the experimental setup consists of
electrical connection (Fig. 2.b) of 3 fundamental elements
to the potentiostat:

the counter electrode (CE), consisting in a platinum grid;
the working electrode (WE), the sample under test;

e The reference electrode (RE), a standard electrode with
silver chloride (Ag | AgCl| sat 3.5 M KCl): the commer-
cial name is HI5311 by Hanna Instruments.

Every polarization test lasts approximately 90 min and was
repeated at least three times for each condition.

Fig. 2 (a) Experimental setup
used for the potentiodynamic
polarization tests; (b) of the elec-
trochemical cell, highlighting the
electrical connections between
working, reference, and counter
electrodes

During this process, the potentiostat measures the poten-
tial difference between the working electrode (WE) and the
reference electrode (RE). The RE maintains a fixed and
known potential as no current flows through it. Throughout
the test, the applied potential at the WE is increased linearly
at a scan rate of 12 mV per minute, based on the software
inputs.

The software generates a graph from the test data,
enabling users to determine the potential values and key cur-
rent densities. All tests are conducted at room temperature.

Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out using a conventional three-electrode
cell, with the sample that serves as working electrode, while
a platinum grid and a saturated calomel electrode (SCE)
were used as counter and reference electrode, respectively.
The tests were performed in 35 g/l NaCl solution at room
temperature under open circuit potential (OCP) conditions
after 0, 24 and 72 h of immersion. A sinusoidal perturbation
amplitude of 10 mV was applied over the 100 kHz-10 mHz
frequency range to ensure a linear system response during
EIS measurements. This frequency range allowed the char-
acterization of both passive film properties and interfacial
charge-transfer processes.

3 Results and discussion
3.1 Microstructure characterization

Figures 3.a-b show the microstructures of the bulk-sam-
ples, showing typical microstructure of hot rolled alloy.
Elongated grains aligned with the Rolling Direction (RD)
are visible in Fig. 3.a, while Fig. 3.b shows rounded-
shape grains perpendicular to the RD. The bulk material’s
microstructure suggests that recovery, rather than full
recrystallization, occurred during hot rolling. This process
was accompanied by significant grain growth, which is a

Potentiostat

WE is in contact
with the electrolyte
through a 0,5 cm?
hole

3.5 % Nacl
water solution

Cell in plexyglass

b)
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Fig. 3 (a) Optical micrograph of
the bulk AA1099 sample parallel
to the rolling direction (RD);

(b) cross-sectional micrograph
of the bulk sample; (c) optical
micrograph of the recycled chip-
based sample parallel to RD; (d)
cross-sectional micrograph of the
recycled chip-based sample

characteristic of high-purity aluminum [20]. Figures 3.c-d
show the microstructures of the recycled-chip samples. Fig-
ure 3.c reveals an elongated and layered structure along the
Rolling Directions, whereas Fig. 3.d shows a layered struc-
ture with finer grains. Optical microscopy was used primar-
ily to assess overall microstructural integrity and identify
macroscopic defects. At the magnifications employed, both
materials appeared fully consolidated on the optical scale.
For a higher-resolution investigation of local interfaces and
defects, field-emission scanning electron microscopy (FE-
SEM) coupled with EDS analysis was used, as detailed in
Sect. 3.3. This microstructural configuration is consistent
with partial recrystallization occurring during hot rolling,
confirming the effectiveness of the rolling process in pro-
ducing continuous sheets.

The EBSD measurements were carried out on a transver-
sal section at the mid-thickness of each sample. The mea-
sured area is 250 x 350 um? with a 0.4 um step size.

The black lines in Fig. 4.a and Fig. 4.b indicate high-
angle grain boundaries (HAGBs), defined by misorientation
angles greater than 15°.

The EBSD measurements confirmed what was already
observed in the optical micrographs and provided deeper
information on the microstructures.

Figure 4.a exhibits relatively large and slide elongated
grains with an average grain diameter (d,) of approximately
203 pm, together with a broad distribution of crystallo-
graphic orientations. This microstructure is characteristic of
a material that has not undergone substantial recrystalliza-
tion during hot rolling and is consistent with previous stud-
ies on high-purity aluminum, where recrystallization readily

@ Springer
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occurs once sufficient thermal activation and plastic strain
are provided, after annealing [20].

In contrast, the recycled chip-based AA1099 sample
(Fig. 4.b) displays a more layered and striated pattern. The
IPF map reveals a pronounced layered and elongated grain
structure aligned along the rolling direction (RD), with a
significantly smaller average grain size of approximately 59
pum. The increased orientation alignment and lamellar mor-
phology are attributed to the constraining influence of the
original chip boundaries, with a larger fraction of deforma-
tion-induced substructures retained after rolling.

The misorientation angle distributions shown in Figs.
4.c-d further clarify these differences. In the bulk material,
the distribution is dominated by low-angle grain boundar-
ies (LAGBs, 3-15°), with a rapid decrease in frequency at
higher misorientation angles, resulting in a HAGB fraction
of approximately 41.3%. This distribution reflects an incom-
plete recrystallization process, where recovery mechanisms
like subgrains coalescence have occurred, but full boundary
migration and grain growth have been suppressed.

In the AA1099 recycled-chips sample, like that of the
bulk material, there is a concentration of boundaries at lower
misorientation angles. The distribution pattern is quite simi-
lar, with the major peak also around 3 degrees. It also shows
a decrease in number fraction as the angle increases, albeit
the decrease is not as steep as in the bulk sample and with a
smaller peak for high angle boundaries around 50°.

Despite both samples being hot rolled with the same
schedule, the microstructure of the chip-based mate-
rial shows signs of more retained deformation compared
to the bulk. This contrast can be partly explained by the
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Fig. 4 Inverse pole figure (IPF)
maps of AA1099: (a) bulk mate-
rial and (b) recycled chip-based
sample; corresponding misorien-
tation angle distributions for (c)
bulk material and (d) recycled
chips (high-angle grain boundar-
ies (misorientation>15°) are
highlighted); grain diameter
distributions for (e) bulk mate-
rial and (f) recycled chip-based
sample, with average grain
diameters indicated. The rolling
direction (RD) is aligned with the
scale bars
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intrinsic recrystallization behavior of high-purity alumi-
num. In ultra-high-purity aluminum such as AA1099, static
recrystallization readily occurs at relatively low strains and
temperatures but is often rapidly followed by pronounced
grain growth due to the absence of solute drag and effec-
tive pinning mechanisms, resulting in coarse-grained micro-
structure observed in the bulk material [20]. In the recycled
chip-based material, on the other hand, the compacted chip
experiences stronger local strain gradients and pronounced
strain partitioning during the early rolling passes. Such het-
erogeneous deformation can stabilize deformation-induced
substructures, thereby delaying the onset and progression

f)

of full recrystallization after deformation. In addition, the
higher fraction of high-angle grain boundaries observed in
the chip-based material may be associated with the pres-
ence of residual oxide fragments, originating from the
chip surfaces, which locally limit recrystallization of the
a-Al matrix [21]. Unlike conventional remelting-based
recycling, where oxide films are largely removed into the
dross phase [1], solid-state recycling routes retain these
fragmented oxides within the material, leading to distinct
microstructural evolution pathways during deformation-
driven consolidation. The layered microstructure observed
in the recycled chip-based AA1099 sheets, and the reduced
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extent of recrystallization can be rationalized in the frame-
work of classical grain boundary migration theories. During
thermomechanical consolidation, residual oxide fragments
originating from the chip surfaces are known to act as effec-
tive obstacles to grain boundary motion, exerting a pinning
pressure that limits boundary migration and grain growth.
According to Zener’s theory [22, 23], a reduced particle
size combined with an increased volume fraction of second-
phase particles results in a higher pinning pressure on grain
boundaries, that limits their migration during annealing. In
the present system, fragmented oxide residues act as effec-
tive pinning centers, restricting recrystallization unless the
pinning force is overcome.

One must consider that compacted chips experience
stronger local strain gradients as well as strain partitioning
during early passes, which can stabilize deformation sub-
structures and delay the transition to a fully recrystallized
state.

The effects of oxide particles in solid-state recycling of
aluminum chips are widely reported in the literature, par-
ticularly for extrusion-based consolidation routes [2, 24]. In
this context, the layered morphology observed via EBSD
may be interpreted as the combined result of strain partition-
ing during rolling and locally constrained grain boundary
mobility at former chip interfaces. Although no quantitative
recrystallization kinetics or dislocation density calculations
were performed in this study, the experimental observa-
tions are consistent with established metallurgical models
describing particle-pinned grain boundary migration in alu-
minum systems.

3.2 Mechanical properties

Representative stress-strain curves for both bulk and recy-
cled chip-based samples are reported in Fig. 5a. Data dis-
persion and repeatability are quantified by the standard
deviations shown as error bars in Fig. 5b and c. The ultimate
tensile stress (UTS) for the recycled chips is measured at
94.6+10.5 MPa, while for the bulk material, it is slightly
lower at 94.4+5.3 MPa. Although the mean UTS values are
very close, the recycled chip-based samples exhibit a higher
standard deviation, indicating greater variability in mechan-
ical response likely associated with microstructural inhomo-
geneities and local interfacial defects typical of solid-state
chip consolidation.

Furthermore, the percentage elongation at fracture (A%)
also presents a close match between the two materials. The
recycled chips have a recorded A% of 7.0+0.6%, while
the bulk material manifests a marginally higher value of
7.1£0.3%. Again, the proximity in these values underscores
the analogous ductile response of both materials under ten-
sile loading. The Vickers Hardness of the bulk material
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(28.4£1.3) is slightly harder than the chips (26.2+1.2),
as indicated in Table 3, though the difference lies within
the range of measurement errors. The similar stress-strain
behavior and low elongation (~7%) for both materials (Fig.
5a) indicate that the mechanical response is dominated by
the work hardening introduced during rolling, which sig-
nificantly reduces ductility from the original as-received
bulk material (38% elongation). The fact that the recycled
chips achieve comparable plasticity despite initial frag-
mentation and oxide presence suggests that effective met-
allurgical bonding was achieved during solid-state rolling
consolidation.

Both materials show near-theoretical density values,
with measured densities of 2.70 g/cm? for the recycled chip-
based samples and 2.69 g/cm? for the bulk material, almost
identical to the nominal density of pure aluminum, which is
approximately 2.70 g/cm® [25]. This result indicates a high
level of densification and negligible macroscopic porosity at
the bulk scale. However, it should be noted that the Archi-
medes method is not sensitive to localized micro-porosity,
and indeed FE-SEM observations revealed the presence of
small, localized sub-micrometric voids at former chip inter-
faces, as discussed in Sect. 3.3, while no such defects were
observable at the optical scale.

In summary, the average mechanical properties of the
recycled chips are close to those of the bulk material, albeit
with a noticeably higher data dispersion reflecting the
intrinsic heterogeneity of the chip-derived microstructure.
The increased scatter in the recycled samples is consistent
with localized interfacial discontinuities and oxide-related
features inherent to chip-based solid-state consolidation fur-
ther discussed in the following paragraph 3.3.

3.3 Fracture surfaces, SEM and EDS analysis

Field-emission SEM observations were carried out to inves-
tigate fracture surfaces and local defects at chip interfaces,
which are not reliably detectable by optical microscopy
alone. Fig.7aa shows the energy-dispersive X-ray spectros-
copy (EDS) analysis of one of the samples, confirming the
high purity of the studied alloy. As expected for ultra-high-
purity aluminum, no second-phase particles or inclusions
were detected in the bulk material.

In contrast, localized sub-micrometric defects were
observed in the recycled chip-based samples, as shown in
Figs. 6b-c. Linear EDS measurements distinctly indicate
a higher concentration of oxygen near the defect borders.
This suggests that these defects originate from suboptimal
bonding at former chip interfaces due to locally incom-
plete consolidation during solid-state processing. Due to its
extremely small thickness, typically in the range of 2—-10
nm, the native Al-Os layer cannot be directly resolved at the
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Fig.5 (a) Representative engi- 120
neering stress—strain curves of
bulk and recycled chip-based
AA1099 samples; comparison
of (b) ultimate tensile strength
(UTS) and (c) elongation at
fracture (A%), with error bars
indicating standard deviation
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Table 3 Mechanical properties of recycled chips and bulk AA1099
samples after the rolling process

UTS [MPa] A% [%] HV,, Density [g/cm’]
Chips  94.6+10.5  7.0£0.6 262+12  2.70+0.01
Bulk  94.4%53 7.1+£03  284+13  2.69+0.01

magnifications available with the Zeiss 55 FE-SEM. Never-
theless, the localized oxygen enrichment detected by EDS
provides indirect evidence of residual oxide-related features
that may influence bonding quality and microstructural evo-
lution in the recycled material.

The oxide-network model recently proposed for solid-
state recycling of aluminum chips by Duchateau et al. [2,
24] can be conceptually adapted to the present direct hot
rolling route. In the case of AA1099, the retained oxide is
expected to consist mainly of fragmented Al.Os films origi-
nating from the initial chip surfaces. During multi-pass
rolling, these films are progressively fractured, elongated,

and redistributed along former chip interfaces. Such oxide
fragments may locally hinder grain-boundary migration
and contribute to the finer and more layered microstructure
observed in the recycled material. However, a quantitative
description of this mechanism would require dedicated
TEM-based statistical analysis, oxygen-content measure-
ments, and surface-sensitive characterization techniques
such as XPS, which are beyond the scope of the present
study.

Fig7a-b are SEM micrographs revealing the morphology
of the fracture surfaces for AA1099 in both bulk and chip
forms, magnified at 1000%

The bulk material (Fig. 7a) exhibits a homogenous and
continuous fracture surface characterized by smooth, wavy
features and elongated shear markings. This morphology
is indicative of a ductile fracture mechanism dominated by
plastic flow, typical of ultra-high-purity aluminum where
fracture occurs with limited microvoid nucleation due to the
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Fig. 6 (a) Energy-dispersive
X-ray spectroscopy (EDS) analy-
sis confirming the high purity of
AA1099; (b) linear EDS scan
across a defect in the recycled
chip-based sample, showing
localized oxygen enrichment
associated with oxide layers;

¢) high-magnification FE-SEM
micrograph showing a small,
localized sub-micrometric void
within the aluminum matrix.

EDS Quantitative Results
Element Wt% At%
0.00 0.00

99.89 99.94

0.02

sub-micrometric void

absence of second-phase particles or inclusions. The lack of
well-defined equiaxed dimples is consistent with the high
purity of the material, as void nucleation sites are scarce,
and plastic deformation is accommodated mainly through
shear localization. In contrast, the chip-derived sample (Fig.
7b) displays a more heterogeneous fracture morphology,
with a rougher surface characterized by numerous dimples
and voids of varying size and shape. These features are
characteristic of a ductile fracture mechanism governed by
microvoid nucleation, growth, and coalescence. The pres-
ence of larger and irregular voids is attributed to former chip
interfaces, where bonding may be locally incomplete due to
residual oxide layers, as also evidenced by EDS analyses.
These interfaces act as preferential void nucleation sites,
resulting in localized stress concentrations during tensile
loading. The fracture surface exhibits pronounced variations
in texture and relief, reflecting the challenges in achieving
uniform consolidation from chip-based material. Higher-
magnification SEM images (3000%) shown in Fig. 7c and d
further emphasize these differences. The bulk material (Fig.
7¢) exhibits a more uniform fracture surface with elongated
tearing ridges and limited cavity formation, confirming a
homogeneous plastic deformation process. Conversely, the
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recycled chip-based sample (Fig. 7d) reveals well-devel-
oped dimples with pronounced depth and size variability,
highlighting the influence of microstructural heterogene-
ities, such as residual oxide layers and prior chip boundar-
ies, inherited from the consolidation process.

Figure 7e shows a photograph of the tensile specimens
after testing. In both bulk and recycled materials, fracture
occurs along a plane inclined at approximately 45° with
respect to the loading direction, which is characteristic of
shear-dominated ductile fracture. Despite the microstruc-
tural differences and the presence of oxide-related inter-
faces in the recycled material, the macroscopic fracture
mode remains ductile for both conditions, in agreement with
the comparable elongation values measured during tensile
testing.

3.4 Surface quality and roughness

The surface quality of the as-rolled sheets was evaluated
using a Keyence VHX-X1 digital microscope with 3D
surface reconstruction capability, without any additional
surface finishing. Representative surface micrographs of
the bulk and recycled chip-based AA1099 sheets reveal
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Fig.7 SEM micrographs of the
fracture surface of AA1099: (a)
bulk material and (b) recycled
chip-based sample (magnification
1,000x); higher-magnification
SEM images (3000x) of the
fracture surfaces for (¢) bulk
material and (d) recycled chip-
based sample, highlighting the
different fracture morphologies;
(e) photographs of the tensile
specimens after testing, showing
the characteristic fracture angle
of approximately 45° for both
bulk and recycled materials

elongated surface features aligned along the rolling direc-
tion, reflecting the direct imprint of the rolling process on
both materials (Fig. 8a and b). In both cases, the surface
morphology is dominated by shallow grooves and flattened
asperities, with no evidence of macroscopic surface defects
such as cracks or delamination.

Quantitative roughness analysis over the entire areas
shown in Figs. 8a and b shows that the bulk material exhib-
its a lower average areal roughness, with a measured Sa
value of approximately 0.54 pum, whereas the recycled
chip-based sample presents a moderately higher roughness,
with Sa of 0.77 pm. This increase can be attributed to the
heterogeneous deformation associated with the consolida-
tion of chip interfaces and the presence of locally harder
regions linked to residual oxide fragments. Nevertheless,
the overall roughness levels remain within the same order
of magnitude, indicating that direct hot rolling of aluminum
chips does not lead to a severe degradation of surface qual-
ity compared to conventionally processed bulk material.

Fracture
lines

3.5 Corrosion tests: potentiodynamic polarization
experiments

Potentiodynamic polarization tests are commonly used to
assess the corrosion behavior of metals and alloys. These
kinds of tests are important in manufacturing to evaluate
how materials perform in real environmental conditions.
They help ensure durability, reduce failure risks, and guide
material selection for long-term applications. To perform a
potentiodynamic polarization test, a working electrode made
of the metal or alloy to study, a reference electrode (usually
a saturated calomel electrode or a silver/silver chloride elec-
trode), and a counter electrode (usually made of platinum),
are all immersed in an electrolyte solution that simulates the
environment in which the metal will be exposed. The setup
consists of an electrochemical cell. The working electrode is
the sample of interest while the reference electrode provides
a stable reference potential, and the counter electrode com-
pletes the electrical circuit [26].
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Fig. 8 Optical surface topography
of AA1099 sheets in the as-rolled
condition: (a) bulk material
(Sa=0.54 um) and (b) recycled
chip-based sample (Sa=0.77
um). Images acquired using a
Keyence VHX-X1 digital micro-
scope with 3D surface recon-
struction; the rolling direction is
aligned with the scale bar

In a potentiodynamic polarization test, the potential of
the working electrode with respect to the reference electrode
is varied over a range of values. This is done by sweeping
the voltage at a controlled rate. As the potential changes,
the current passing through the cell is measured. The cur-
rent is a measure of the electrochemical reactions occurring
at the metal’s surface. Specifically, there is usually interest
in both the anodic (oxidation) and cathodic (reduction) cur-
rents [27].

The data collected during the potential scan is processed
to construct polarization curves that show the relationship
between current and potential. The recorded data is usually
presented on a voltage vs. logarithmic current graph. Figure
9 represents an example of ideal results from potentiody-
namic tests.

By analyzing the polarization curves, several important
parameters can be determined, including:

e corrosion potential ( E.): the potential at which the
anodic and cathodic currents are balanced, representing
the corrosion tendency of the material;

e corrosion current density (.o ): the rate at which the
metal corrodes, calculated from the polarization curve;

e tafel slopes: 5, and B ., known as anodic and cathodic
Tafel slope, these slopes are used to estimate the rate of
electrochemical reactions and can provide insights into
the corrosion mechanism.

ba
Ecorr

bc

Icorr

Fig. 9 Schematic example of a potentiodynamic polarization curve,
showing electrode potential versus logarithmic current density [29]
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These important parameters describe the carrion behav-
ior of a metal. To determine the Tafel slopes, two tangents
were drawn: one aligned with the predominant points on the
cathodic curve for the Bc value, and the other in line with the
most common points on the anodic curve for the Ba value.
FEeorr and i.o values were derived from where these two
tangents intersected [28] as shown in Fig. 9.

Sodium chloride (NaCl), used for all the corrosion tests
described in this paragraph, is commonly used as an elec-
trolyte solution in corrosion testing, because it represents a
realistic environmental condition since sodium chloride is a
common component of natural environments, especially in
coastal and marine settings.

The cathodic reaction for aluminum in sodium chloride
solution are [30, 31]:

Oy + HoO(y +e~ =OH_;, +OH™ (6)
And:
OH,qs +e¢~ = OH™ (7

The anodic reaction instead happens on the surface of the
aluminum alloy, such as:

Als) +30H™ = Al(OH); 4 + 3¢ 8)
Al(OH); 4, = Al2O3 - 3H20 ©)

In summary, the test is executed applying a potential dif-
ferent from the equilibrium potential ( E¢o, to the work-
ing electrode (WE) using a potentiostat. This causes a flow
of charges across the electrode interface. Current flows
through the test solution and the counter electrode (CE)
to the outside of the WE, and the software (Sequencer ®)
provides the user with the current value. The Voltage and
current obtained during the experiments are stored by the
software allowing further data analysis.
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Fig. 10 Representative Tafel polarization curves of AA1099 bulk
material (red curve) and recycled chip-based sample (blue curve)
obtained in a 3.5 wt% NacCl solution

Analysis of the data. The important parameters 3 ,, 5 .
and ... can be derived from the plot as described before.
The polarization resistance ( 1,) was calculated using the
well known Stern—Geary relationship [28]:

! 8.8,
Rp N Z‘cm“r (23(ﬂ a + B c)) (10)

Where 5 , and [3 . are the Tafel slope, anodic and cathodic,
respectively. R, is inversely related to the rate of corrosion:
higher Rp values signify lower corrosion rates.

The corrosion rates could be evaluated as (according to
ASTM G102 standard):

(11)

. K E?U
Keorr = tcorr < ! )

p

Where K isaconstant 3.27- 102 mm- g - (WA cm- yr)" ",
E,, is the equivalent weight of metal ( E',, = 8.99 for alu-
minum) and p is the density of the metal (p = 2.7_%5).

The results presented in Fig. 10 showcase the potentio-
dynamic polarization test outcomes for both bulk materi-
als and recycled chips of AA1099 tested in a 3.5% sodium
chloride solution.

Table 4 summarizes several key parameters obtained
from the polarization curves. The polarization resistance
(Rp) values reported in Table 4 were calculated according to
Eq. (10). The corrosion current density (Icorr) was obtained
by Tafel extrapolation at the corrosion potential (Ecorr). The

corrosion rate (Kcorr) was calculated following the ASTM
G102 standard, using Eq. (11).

In the Handbook of aluminum [32] is reported a value
of icorr of 0.1 pA/cm2 for extreme purity aluminum
under similar conditions, very close to the value obtain in
this experiment (0.077 £ 0.02 pA/cm?2), a confirmation of
the validity of the results. Compared to the bulk material,
the recycled chip-based AA1099 sample shows a slightly
lower corrosion current density (0.05 = 0.01) and a more
noble corrosion potential. Consistently, the recycled mate-
rial exhibits a marginally higher polarization resistance and
a lower calculated corrosion rate, although the difference
between the two conditions remains limited.

Rp, the polarization resistance, is inversely related to the
corrosion rate: higher Rp values indicate lower corrosion
rates. In this study, the AA1099 chips show a higher Rp than
the bulk material, which is consistent with their lower ...,
value.

The slightly lower corrosion current density and the
more noble corrosion potential observed for the recycled
chip-based AA1099 sheets indicate that the direct hot roll-
ing process does not degrade the corrosion performance.
While these trends may be associated with differences in
oxide film evolution during thermomechanical processing,
the passive film characteristics were not directly measured
in this study. Advanced surface-sensitive techniques such as
X-ray photoelectron spectroscopy (XPS), electrochemical
impedance spectroscopy (EIS), or Mott—Schottky analysis
would provide further insight into the electronic structure
and thickness of the passive film, the present study focuses
on a comparative assessment of corrosion performance.
Within this scope, the observed electrochemical behavior
consistently indicates that the direct hot rolling recycling
process does not degrade, and may slightly improve, the
corrosion resistance of ultra-high purity aluminum.

The EIS spectra were fitted using the equivalent elec-
trical circuit reported in Fig. 11, consisting of the solution
resistance (Rs) and two R—CPE time constants associated
with the passive oxide film and the charge-transfer process
at the metal/electrolyte interface. Constant phase elements
(CPEs) were used instead of ideal capacitors to account for
the non-ideal capacitive behavior related to surface hetero-
geneity and interfacial inhomogeneity. The fitting param-
eters obtained for bulk and recycled-chip samples after 0,
24 and 72 h of immersion in 35 g/L NaCl are reported in
Table 5.

Table 4 Corrosion parameters derived from potentiodynamic polarization curves of bulk and recycled chip-based AA1099 samples tested in a 3.5
wt% NaCl solution. Rp and Kcorr values were calculated according to the Stern—Geary relation and ASTM G102 standard, respectively

Ecorr(mV) Ba (mV) Bec (mV) . Rp (kQ-cm?) Kcorr (mm-year” b}
(A em )
1099 bulk —794+3 83+2 77+11 0.077+0.02 226.052 0.000835
1099 chips —755+9 49+11 57+13 0.050+0.01 229.608 0.000549
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Fig. 11 Equivalent electrical circuit used to fit the EIS spectra of bulk
AA1099 and recycled-chip samples immersed in 35 g/L NaCl solu-
tion. Rs represents the solution resistance, while the two R—CPE time
constants are associated with the passive oxide film response (R1-
CPE1) and the charge-transfer process at the metal/electrolyte inter-
face (R2-CPE2)

The EIS fitting results highlighted different passivation
behaviors between bulk AA1099 and recycled-chip samples
during immersion in NaCl solution. Bulk samples exhibited
a strong increase in charge transfer resistance (R2) after 24 h,
increasing from approximately 11.4 kQ-cm? to 40.3 kQ-cm?,
suggesting the formation of a highly protective passive film.
Although R2 decreased after 72 h, it remained significantly
higher than the initial value, suggesting that the passive layer
retained substantial protective properties even after prolonged
chloride exposure. Moreover, the increase of the n2 exponent
toward values close to 1 further supports the development of
a more homogeneous and ideal capacitive interface.

In contrast, recycled-chip samples showed a less stable
electrochemical behavior. The increase in R2 after 24 h was
limited, followed by a marked decrease after 72 h down
to 5.4 kQ-cm?, indicating reduced stability of the passive
layer in chloride-containing environment. The progressive
decrease of n1 and the lower R1 values at longer immersion
times point to increasing interfacial heterogeneity, consis-
tent with the intrinsic microstructural features of the con-
solidated chips, such as residual oxide fragments, chip—chip
interfaces and local defects generated during compaction
and rolling. Overall, the EIS results suggest that recycled-
chip samples develop a less protective and less stable pas-
sive film compared to bulk material, while still maintaining
a moderate corrosion resistance in saline environment.

The present observations, however, are consistent with
previous studies on solid-state recycled aluminum alloys,
where improved or comparable corrosion resistance rela-
tive to conventionally processed material was reported.
Taha et al. demonstrated that solid-state recycled aluminum
alloys exhibit enhanced corrosion resistance compared to
as-received material, which was attributed to the fragmen-
tation and redistribution of surface oxides during severe
plastic deformation, leading to a more protective and stable
passive film in chloride-containing environments [33]. The
present results are consistent with previous EIS studies on
aluminum systems (e.g [34]., et al.), where the evolution of
R2 and CPE parameters has been used to assess passive-film
stability and interfacial heterogeneity. The decrease in R2
observed for recycled-chip samples after 72 h should there-
fore be interpreted as reduced passive-film stability rather
than evidence of stable pitting corrosion.

Overall, the recycled aluminum chips exhibit corrosion
behavior comparable to that of the bulk material under the
investigated conditions. These results indicate that the direct
hot rolling process does not adversely affect the corrosion
performance of ultra-high purity aluminum, within the
scope of the present experimental analysis.

4 Limitations of this study and industrial
scale-up challenges

Despite the promising results obtained in this feasibility
study, several limitations and industrial challenges must
be acknowledged. The experiments were conducted using
cleaned aluminum chips, whereas industrial machining
chips often contain lubricants, oils, or other contaminants.
Such residues may affect interfacial bonding during solid-
state consolidation and would require appropriate prepro-
cessing steps, such as degreasing or thermal cleaning, which
may reduce process efficiency and overall sustainability and
therefore require careful evaluation. For instance, it has
been reported that a degreasing step can increase the overall
environmental impact (expressed in terms of single-score

Table 5 Electrochemical impedance spectroscopy (EIS) fitting parameters obtained for bulk AA1099 and recycled-chip samples after immersion

in 35 g/L NaCl solution for 0, 24 and 72 h

Unit Bulk t0 Bulk t24 Bulk t72 Chips t0 Chips t24 Chips t72

Rs Q cm? 10.16 19.20 18.51 13.35 23.23 81.98

Q1 uS s* cm2 36.97 30.17 32.78 33.65 22.71 18.83

nl — 0.92 0.85 0.85 0.87 0.89 0.74

R1 Q cm? 12,737 15,062 13,088 17,004 10,897 10,502
CPE1 uF cm™ 34.71 26.29 28.13 30.89 18.96 10.70

Q2 mS s” cm 2 0.42 5.24 4.77 3.46 6.18 0.0155
n2 — 0.68 1.00 0.94 1.00 1.00 0.93

R2 Q cm? 11,396 40,279 21,278 8,580 9,836 5,410
CPE2 mF cm™ 0.86 5.24 6.27 3.46 6.18 0.0129
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impact points) of solid-state recycling processes by more
than 20%, highlighting a critical trade-off between final
material quality and overall process sustainability [35, 36].

Another important limitation concerns the use of ultra-
high purity aluminum (AA1099), which differs significantly
from industrial aluminum swarf that typically contains alloy-
ing elements such as Mg, Cu, and Zn. These elements can
strongly affect recrystallization kinetics, oxide fragmentation,
precipitate pinning, and interfacial bonding during solid-state
consolidation. Therefore, the present results should be inter-
preted as a fundamental feasibility assessment of the DHR
process under controlled metallurgical conditions rather than
a direct representation of industrial recycling scenarios.

The chip-derived sheets exhibited jagged and sawtooth-
like edges after multi-pass rolling, leading to material losses
during trimming. While edge trimming is a standard and
unavoidable operation even in conventional industrial roll-
ing processes, optimizing the initial chip compaction geom-
etry may be necessary to improve edge quality, processing
efficiency, and minimizing scrap generation.

From an industrial perspective, the direct hot rolling route
for chips relies on conventional rolling equipment and does
not require melting furnaces, offering potential advantages
in terms of energy consumption and CO: emissions. Nev-
ertheless, a full quantitative life cycle assessment, includ-
ing a direct comparison of energy consumption per ton of
aluminum with conventional remelting-based recycling
routes, was beyond the scope of the present work. Although
existing literature suggests substantial energy savings from
eliminating melting, a detailed techno-economic and life
cycle assessment (accounting for all preprocessing, heating,
and rolling operations) is essential to accurately evaluate the
feasibility of large-scale implementation.

5 Conclusions

This work demonstrates the fundamental feasibility of direct
hot rolling as a solid-state recycling route for pure AA1099 alu-
minum chips under controlled and uncontaminated laboratory
conditions. The results should be interpreted as a mechanism-
verification study rather than as direct evidence of immediate
industrial applicability to mixed or contaminated aluminum
machining chips. Extension of this approach to industrial-grade
chip recycling will require further investigation involving alloyed
aluminum systems, contaminated chips, lubricant removal, oxide
control, and process scale-up. The main findings are:

1. The recycled chip-based sheets achieved average
mechanical properties close to the bulk-processed coun-
terpart, although a higher scatter was observed, high-
lighting the influence of microstructural heterogeneities

and localized interfacial bonding typical of chip-based
solid-state recycling.

2. Optical/EBSD analyses confirmed successful consoli-
dation without macroscopic cracking or large voids at
the examined scale, while revealing a layered/elongated
morphology in the chip-based material consistent with
thermomechanical bonding of fragmented chips.

3. FE-SEM/EDS observations identified localized sub-
micrometric interfacial discontinuities with oxygen
enrichment, indicating that residual oxide at prior chip
boundaries can persist in limited regions despite overall
effective bonding.

4. Potentiodynamic polarization in 3.5 wt% NaCl showed
corrosion parameters for the recycled material compara-
ble to bulk AA1099, indicating that the direct hot rolling
process does not adversely affect the corrosion perfor-
mance of ultra-high purity aluminum under the inves-
tigated conditions. EIS analysis further revealed that,
although bulk AA1099 developed a more stable passive
response during immersion, recycled-chip samples main-
tained moderate corrosion resistance, with the lower sta-
bility after 72 h likely related to interfacial heterogeneity,
residual oxide fragments and chip—chip bonding regions.

Despite these promising results, several challenges remain.
The jagged edges produced during rolling of the chip-
derived samples introduce additional material loss, which
necessitates optimization of the initial chip compaction
geometry to enhance processing efficiency. Moreover, in this
study, the aluminum chips were cleaned before processing,
whereas in industrial settings, chips contain contaminants
such as lubricants, which could affect the final material prop-
erties. Future work should therefore focus on refining the
pretreatment steps and a comprehensive industrial feasibil-
ity analysis. Extension of this approach to industrial-grade
chip recycling will require further investigation involving
alloyed aluminum systems, contaminated chips, lubricant
removal, oxide control, and process scale-up. Future devel-
opments should also focus on building a dedicated quan-
titative oxide-fragmentation model for direct hot rolling,
combining TEM-based statistical analysis, oxygen-content
measurements, and surface-sensitive characterization tech-
niques to correlate oxide morphology, interfacial bonding,
grain-boundary pinning, and final mechanical properties.
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