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Abstract

Solid-state recycling of metallic alloys is a promising alternative method which avoids remelting and reduces
significantly the CO,-emission compared to remelting. Contamination being critical for solid-state recycling,
the objective of this study is to quantify and localize oxygen contamination at each step of the process. Pre-
compacted AA6060 aluminium alloy machining chips were hot-extruded. The oxygen intake and the
formation of oxides were quantified and localized through a multi-technique characterization, including X-
ray photoelectron spectroscopy and transmission electron microscopy. The overall oxygen content is found
to increase at every step of the recycling process. Analyses reveal that the initial thin Al,Os layer on the chips
gets covered by a MgO layer during pre-annealing and hot extrusion. Thus, alloying elements, as Mg, are
involved in oxidation. It results in a tenfold increase of the oxygen content in the extrudate accompanied by
a complex network of oxides with an average thickness of 290 nm and a low density. Thus, tuning processing
parameters is a promising leverage to limit oxidation and improve chip welding, which will probably depend
on the alloying elements.
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1. Introduction

In order to cut down CO; emissions, recycling of aluminium alloys is of utmost relevance. Indeed, by saving
metal extraction from mines, and avoiding the energy required to reduce aluminium ores to metal, large
energy and CO; savings can be reached [1]. Considering the large amount of aluminium used, the savings are
substantial. However, further improvements can be achieved. Indeed, recycling is classically done through
remelting of the material, which is energy costly — although in a smaller extent than primary production of
metal but still in order of primary production of steel — and induces losses of material through oxidation or
evaporation, or primary aluminium consumption for dilution [2, 3]. An alternative approach considers the
solid-state recycling of metallic chips, based on the direct mechanical processing of chips with severe plastic
deformation, mostly using extrusion [4, 5]. This approach takes advantage, among others, of the wide use of
the established extrusion in aluminium alloys processing [6]. By avoiding the remelting step, the energy
consumption is reduced by a factor of 3 to 4 compared to conventional recycling [3, 7].

Although other processing approaches have been proposed for solid state recycling, such as high-pressure
torsion [7], screw extrusion [8], friction stir extrusion [9] and spark plasma sintering [10], they do not allow
to process such large quantities of materials, compared to classical extrusion. Solid state recycling of
aluminium by extrusion has therefore been the favored approach so far. It consists in the compaction of
chips, and the subsequent extrusion of the compacted ingot. The strong shear produced in the material
during the process has been shown to help consolidating the chips [11]. Initially proposed by Stern in 1945
[12], this recycling approach has been subjected to an increasing number of studies in the recent years, for
chips of aluminium alloys, but also of other metals and alloys such as magnesium or titanium alloys or Al-
based composite materials [5, 11, 13-18]. However, by introducing external elements, and in spite of some
promising results, the recyclability of composite materials might be reduced, compared to recycling of
metallic chips of a single composition.

To obtain profiles from recycled material that can compare to profiles from cast billets, the welding quality
of chips has long been identified as a key parameter [5, 19]. In aluminium alloys, an oxide layer is formed
initially at the chip surface, due to its interaction with the environment. The layer gets incorporated in the
material during extrusion, but might be broken down due to the shear and surface expansion during
extrusion, allowing free chip surfaces to weld. Improvements of the welding have therefore been sought, by
tuning and carefully optimizing the processing parameters. Among the relevant parameters, the extrusion
ratio and the die design (flat face, porthole or ECAP dies) have been shown to play a tremendous role in the
formation of quality extrudates [13-15]. A numerical model initially used to characterize the welding of parts
to assemble has also been adapted for the chip extrusion. It takes into account the die type and extrusion
processing parameters, and was validated experimentally with the chip extrusion of AA6060 alloy, hence
allowing predicting the welding of the chips during hot extrusion [20-22]. Fully dense semi-finished profiles
were produced and exhibited very promising mechanical properties. A chip-based profile obtained with a
flat-face die has an ultimate tensile strength which represents 75 % of the value of a reference material
processed using an initial cast ingot and nearly 95% if processed by an ECAP-die [23]. For a profile which was
subsequently rolled and annealed, it goes up to 97 % of the properties of the reference material, processed
with the same steps [24].

Although it is well known that oxygen reacts with aluminium to form an oxide layer at the surface of the
material, the details of the oxide layer at the chip surface, and what it becomes after extrusion, have not
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been investigated from an experimental point of view. This has been identified as one of the scientific
bottleneck to overcome [17]. Once incorporated into the extrudate, the oxides will remain in the alloy.
Contrary to re-melting, solid-state recycling does not permit any removal of contamination. A better
understanding of the formation and nature of the oxide layer could help tune numerical models, and improve
the process by increasing chip welding. The objective of the present paper is therefore to quantify and localize
the oxygen contamination at each step of the solid-state recycling process. To fulfill this aim, the chip
extrusion of AA6060 is considered, as this material already benefits from several studies [14, 21, 24], and its
processing is therefore mastered. A detailed characterization of the oxygen intake is provided using a multi-
technique approach.

2. Experimental

For the experimental tryouts to produce chip-based profiles, aluminium alloy AA6060 was processed in the
following consecutive steps: (a) production of chips by turning, (b) compaction of the chips to chip-based
billets, (c) homogenization of the chip-based billets and (d) hot extrusion of the chip-based billets to round
solid profiles. Those steps are represented on Fig. 1 and are detailed below.

Table 1 : Chemical composition of the AA6060 aluminium alloy, as measured by optical emission spectroscopy

Si Fe Cu Mn Mg Cr Zn Ti Others Al

wt. % 0.44 0.21 0.02 0.05 0.39 0.00 0.011 0.01 0.01 98.86

at. % 0.42 0.10 0.009 0.02 0.42 0.00 0.005 0.006 0.005 99.00

AA6060 cast bars were supplied by apt Hiller GmbH. The chemical composition was measured by optical
emission spectroscopy (Table 1). The sample coming from the cast bar was named AA-cast. In the first step,
the casting skin of those as-received cast bars was turned off and sorted out. Afterwards the chips were
produced by longitudinal turning without lubrication to prevent a contamination of the chips (Fig. 1a). The
parameters were set to a cutting speed V. =400 m/min, a feed of f=0.5mm and a cutting depth of
ap = 2.25 mm to achieve homogenous chips with equal dimensions. After turning the average hardness of the
chips was 79 HV0.2. Those chips were named AA-chips. For better handling, the chips were compacted to
chip-based billets with a hydraulic press applying a constant compaction force of 500 kN, without lubrication,
in a steel tube with an inner diameter of 60 mm (Fig. 1b). The resulting chip-based billet was a cylinder with
a diameter of 60 mm, a length of 92 mm and a relative density p of 2,15 g/cm? which is 80% of the density of
cast aluminium (p = 2.7 g/cm?).

To release the severe plastic deformation induced by machining and cold compaction and to dissolve Mg,Si
hardening precipitates if any, the chip-based billets were homogenized prior to extrusion (Fig. 1c). The billets
were heated to Tgilet = 550 °C and held at this temperature for six hours in an electric furnace with standard
atmospheric conditions. The chips homogenized in the same conditions as the compacted chip-based billet
were named AA-chips-H.

The extrusion experiments were carried out on a direct extrusion press (Collin Technology GmbH), which has
a maximum extrusion force of 2.5 MN (Fig. 1d). A simple flat-face die was used to extrude a solid cylindrical
profile geometry with a diameter of d =12 mm (Fig. 1e). The container diameter of the extrusion press
amounts to 66 mm, resulting in an extrusion ratio R =30.25. The extrusion parameters were chosen as
follows: billet temperature Tailet = 550 °C, die and container temperature Tpie =450 °C and ram speed




Vram = 2 mm/s. Those parameters were selected based on previous studies and should ensure a sound
welding of the chips during the process and a homogenous material flow inside the die. After extrusion the
profiles were cooled in ambient air. Their appearance was satisfying (i.e.: no delamination or any other
defects such as air bubbles were visible). Samples cut from this chip-based profile were named AA-chips-HE.

a) Chip turning b) Chip compaction ¢) Homogenization d) Chip extrusion
|AA-cast| ’ | AA-chips | AA-chips-H | AA-chips-HE|
— N
=~ :
e — -ﬂ —
DRSO
(e Py Chip-based
1|2—| : billet Chip-based billet
mm

d=12 mm

Fig. 1 : Process steps for chips extrusion (a,b,c and d) to obtain an extruded chip-based profile (e). For (a) to (d), a scheme of the
process is depicted and the name of the corresponding sample is indicated. A photo of the sample is also given for (a), (b) and (e).

All samples were characterized by Reducing Melting InfraRed absorption (RMIR) to determine the average
content of O. For each sample, a mass between 2.2 and 2.5 g was analyzed.

The surface layer on the chips (i.e., AA-chips and AA-chips-H) was characterized by X-ray Photoelectron
Spectroscopy (XPS) using a Thermo Scientific K-Alpha XPS instrument with a monochromatized Al X-ray
source (1486.6 eV). The take-off angle was 90° and the diameter of the analyzed area was 400 um. High
resolution spectra of the C 1s, Al 2p, O 1s, Mg 2p and Si 2p were collected with a pass energy of 50 eV and a
step size of 0.1 eV. The surface was etched by an Ar ion beam at an energy of 1000 eV for duration of 10 s.
Composition and thickness were calculated after this first etching. When needed to further study the
evolution in the depth, the ion beam energy was increased up to 4000 eV while the duration was 60 s. Data
processing were performed with Avantage, the Thermo Electron software. The binding energy of each peak
was corrected by the amount required to shift the metal Al 2p peak at its reference value (ie: 73 eV, [25]). A
Shirley correction was made for the background.

The chip-based extrudate (AA-chips-HE) was characterized by Electron Probe MicroAnalysis (EPMA). X-Ray
maps were acquired with a CAMECA SX100 EPMA. Analyzing crystals used were: LPC1 (synthetic multilayer,
2dhk=6 nm) for O Ka, TAP (Thallium Acid Phthalate crystal, 2dnw=2.545 nm) for Mg Ka, Si Ka, and Al Ka and LIF
(Lithium Fluoride, 24n1=0.4027 nm). The experimental conditions were the following: acceleration voltage of
15kV, beam current of 100nA, time per pixel of 30ms. The maps were acquired in stage movement mode,
that means that the beam was static, and the sample was moving. To be able to characterize submicrometric
oxides with a low density, the spot size was 0.6 um for a total area of 1228.8 x 1228.8 um? (Fig. 6). Two
additional maps with a spot size of 1 um were recorded on a total area of respectively 1024 x 1024 um? (Fig.
S 2)and of 512 x 512 um? (Fig. S 3)

AA-chips-HE was also characterized by Transmission Electron Microscopy (TEM). Here, round 3mm large TEM
samples were prepared until 100 um thickness and then electropolished at -30 °C (243 K) using a twin jet
system in solution composed of 66.6 % methanol and 33.3 % Nitic acid at a voltage of 12 V. TEM observations



were performed on a Tecnai F20 ST operating at 200 kV equipped with an edax detector system (60 mm?
windowless). On bright field images, the oxide layer thickness was measured in more than 15 locations.
Energy Dispersive Xray Spectroscopy (EDS) was used in scanning mode to identify the chemical composition
of sub-micrometric precipitates. The composition of 19 precipitates was determined after excluding the
signal of Al, which originates from the matrix, and of C, which is likely to be due to surface contamination.
Then, for each type of precipitates, an average composition was calculated.

Finally, AA-chips-HE and, for comparison, the starting aluminium ingot AA-cast were characterized by Atom
Probe Tomography. APT analyzes were carried out using a CAMECA LEAP-4000HR instrument. APT tips were
prepared using electro-polishing (electrolyte: 98 % CsH103 + 2 % HCIO,4). Samples were field evaporated at
40 K in ultra-high vacuum (10! mbar) with electric pulses (pulse fraction of 20 %, repetition rate 200 kHz) at
a detection rate of 0.2 %. Data processing was performed with IVAS and Gpm3dSoft software. In order to
detect the presence of clusters and to estimate their size, composition and volume fraction, the Isoposition
method (IPM) was applied [26]. In this method, a composition is attributed to each atom in function of its
environment (neighboring atoms), and a compositional threshold can then be defined to determine which
atoms are considered to belong to a cluster and which are part of the matrix. In order to identify precipitates,
it is then necessary to define a maximum distance below which the atoms will belong to the same precipitate
and a minimum number of atoms below which the atoms will be considered as belonging to the matrix. In
this study, a composition threshold of 2.7 at.% of Mg was set with D, 4, of 0.5 nm and N,;,;;, of 10 atoms.

3. Results

First, the average oxygen content was measured in each sample by RMIR (Fig. 2). For the starting aluminium
ingot (AA-cast), the oxygen concentration is below the detection limit of the technique (<0.001 wt. %). In
machining chips (AA-chips), an oxygen content of 0.002 +/- 0.0002 wt. % (i.e.: 20 ppm) was detected, which
is still very low. Afterwards, at each step of the solid-state recycling process, the oxygen content increases: it
is of 0.009 +/- 0.001 wt. % after the homogenization treatment (AA-chips-H) and it goes up to 0.022 +/- 0.001
wt. % after extrusion (AA-chips-HE). It is recalled that the oxygen present in the chips is incorporated in the
extrudate. Here the measurements indicate that there is an additional oxygen intake during heat treatment
and extrusion. This was expected given the fact that those two steps are performed under atmospheric
conditions. Since the solubility limit of O in Al is extremely low [27], formation of oxides is expected.
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Fig. 2 : Evolution of oxygen average concentration at each step of the process, as measured by RMIR. (Material: AA 6060)

Secondly, an XPS surface analysis, which typically probes depths of 2 to 3 nm, was performed with the
objective of following the evolution of the native oxide of the cast sample during machining and
homogenization. To begin, AA-cast and AA-chips were studied.

Their XPS spectra are plotted on Fig. 3 and Fig. S 1. They are very similar and thus the same peak fittings were
applied. The C 1s spectrum was simply fitted by two peaks, one for carbon-carbon bonds and the other for
carbon - oxygen bonds. Two peaks can be clearly distinguished on the Al 2p spectrum: the one at the lowest
binding energy corresponds to a metallic bond (Almet) While the other one corresponds to an oxide bond (Aloy).
Although the photo-electrons had to penetrate through the surface oxide layer, the metallic bond peak is
apparent, which indicates that this oxide layer is very thin. Mg 2p and Si 2p, whose concentration is only of
few atomic percent, were fitted respectively by a single peak and by a metal and oxide peak. Finally, the O1s
spectrum exhibits a large peak, which is very likely the result of the convolution of several peaks. It was
chosen not to decompose it but rather to analyze the composition ratio to determine the nature of the oxide

layer.
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Fig. 3: XPS spectra of machined chips (AA-chips). The colored circles and black dashed lines correspond respectively to the
experimental spectra and peak fitting. For Al 2p, C1s and Si 2p, the spectrum is fitted by two peaks, the corresponding bonds are
indicated and the total fit is plotted as a color straight line.

The compositions calculated from the fitting described above are given in Table 2. For AA-cast and AA-chips,
the most concentrated elements are Al and O. Moreover, the aluminium over oxygen concentration ratio is
of 0.5 and 0.6 respectively for AA-cast and AA-chips, which is compatible with the stoichiometry of the
aluminium oxide Al,Os ([Al]/[0]=0.66) but not with the hydroxide AI(OH)s (([Al]/[0]=0.33). For a deeper
analysis, it was supposed that oxygen was involved in Al,O3 and also interacted with the other alloying
elements, hence involved in MgO, SiO, and in C-O0 bonds. The corresponding ratio % =

3/2:[Alox]+[Mgl+2:[Siox]+2[Cc-00]
0
with the initial assumption. Thus, the oxide layer of AA-chips is composed of 90 % of Al,Os, 7 % of SiO, and 3

% of MgO. Carbon is considered to be part of an adsorbed contamination layer. For AA-cast, results are
similar, with slightly more SiO,.

was calculated. A value of 1.0 was obtained, which is in very good agreement

To calculate the thickness of the oxide layer, the presence of SiO, and MgO was neglected and a mono-layer
model was used [28]. Then the thickness d of Al,O3; can be expressed as:

pure Al Dpure Al I
d = 247% sin(6) * In (1 + Ab—» AL, 20X, Eq. (1)
lAlz 3 DAlz 3 laymet

Where A% is the inelastic mean free path (IMFP) of element X in the phase Y, 8 is the take-off angle of the
analyzed electron, 8=90° in this work, DY is the number density of X in Y, laox and la,met are the peak areas
deduced from the Al 2p spectrum. The used material data are given in Table S 1. A thickness of 7 and 4 nm
were calculated respectively for AA-cast and AA-chips. This is in good agreement with data from the literature
for a native oxide for pure Al [25] or for aluminium alloy [29]. Moreover, the XPS analysis of AA-cast and AA-



chips provide qualitatively and quantitatively similar results. It indicates that, despite the fact that AA-chips
surface is not flat, results are reliable.

Table 2 : XPS analysis of cast alloy (AA-cast), machined chips (AA-chips) and homogenized chips (AA-chips-H). The surface layer
composition, obtained from deconvoluted high resolution spectra, is given.

Concentration ratios are calculated: the major metal (i.e.: Al or Mg) over oxygen; weighted metals and carbon over oxygen (ie:

XxiMi _ 3/2[Alox]+[Mg]+2-[Si]+2-[Cox] . ) . . - .
o = o . The thickness d of the oxide layer is also given (aluminium oxide for AA-cast and AA-
chips; superposed magnesium and aluminium oxides for AA-chips-H).
Sample Composition (% at.) [Metal]/[O] ratio
d (nm)
name | Alpe | Alox | Mg | Siox | O | Cec | Ccoo | Al/O | Mg/O | >xmyo
AA- cast 4.1 28 0.3 3.3 53 10 1.1 0,5 - 1,0 7
AA-chips 11 25 1.2 1.7 42 16 1.4 0,6 - 1,0 4
AA-chips-H 1.8 2.7 33 0 39 20 2.4 - 0,9 1,1 20

Then, the chips after the homogenization treatment (AA-chips-H) were characterized by XPS. The spectra and
the corresponding compositions are given respectively on Fig. 4 and in Table 2. The main difference is the
significantly larger content of magnesium which increases from 1.2 at. % in AA-chips to 33 at. % in AA-chips-
H. There is a concomitant decrease of Al and Si, which is not detected at all. It is mentioned that the O 1s

spectrum was fitted with two peaks which were used only to determine the total content of oxygen and were
not attributed to specific bondings.
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Fig. 4 : XPS spectra of chips after the homogenization treatment (AA-chips-H). The colored circles and black dashed lines correspond
respectively to the experimental spectra and peak fitting. For Al 2p, O 1s and C 1s, the spectrum is fitted by two peaks, the
corresponding bonds are indicated and the total fit is plotted as a color straight line. There is no peak on the Si 2p spectrum, thus

there is no fitting.




The magnesium over oxygen ratio is of 0.9. This is slightly smaller than the stoichiometry of the magnesium
oxide MgO and clearly larger than the one of the hydroxide Mg(OH),. Thus, it can be assumed that oxygen is
involved in MgO and, as previously, in Al,03 and C-O0 bonds. The corresponding ratio is of 1.1, indicating a
slight depletion of oxygen compared to this assumption but an overall satisfying agreement. Next, to clarify
the organization of this mixed oxide layer, further sputtering and XPS analysis were performed. The deduced
in-depth concentration profile is plotted on Fig. 5. Along with sputtering, the magnesium content decreases
while the one of Al oxide peak increases. It indicates that MgO is the outer layer while Al,Os is the inner one.

A slight content of Si(ox) appears at the fourth sputtering level. This is probably the thin SiO; layer detected
on the machined chips AA-chips.
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Fig. 5 : XPS in-depth concentration profile of chips after the homogenization treatment (AA-chips-H). Only the elements involved in
bondings with oxygen are plotted.

Here, to calculate the thickness, the presence of SiO; is again neglected and a two-layer model is used [28].

The layers are assumed to be homogeneous and continuous (i.e.: covering the whole surface). First, the peak
areas of Mg, Al(ox) and Al(met) are expressed:

d
Iyg = K * A(B) * oy g * A%go * Tyg * Dl\z\go *sin(0) * [1 — exp _Mgo—l. ] Eq. (2)
/’lMg * sin(0)

Liox = K % A(6) * oy % 24203 % Ty + D93  sin(6) = [1

d2 d1 Eq‘ (3)
—exp| ——me———=|1*exp |~
A4{20% # sin(6) M99 % sin (6)

Al Al
Liymer = K % A(0) * gy % 24,7+ Ty + DY + sin(6)

 exp (_ d, > cexp— d, Eq. (4)
241793 + sin(6) AN, sin(0)

Where K is a constant specific to the XPS apparatus, ox and Ty are respectively the cross-section of photo-
ionization and the transmission factor of element X, d1 and d2 are the thickness of respectively the outer



MgO layer and the inner Al,Os layer. By combining Eq. (2) and Eq. (3) with Eq. (4), the thickness d; and d; can
be expressed as:

d o(A) T, APveA
dy = M99 s sin(@) * In[1 + exp | — 2 % * 5 AL
1 Al ( ) [ p :;11[203 *Sln(G) O-(Mg) TMg A%go
Dpure Al I Eq' (5)
Al Mg ]
Dﬁ;’go IAl,met
pure Al Dpure Al )i
dy = 2429« sin(0) * In (1 + Al Al 4 —ALOX ) Eqg. (6)

%
Al203 Al203
/1Al DAl IAl,met

Since the Al(met) peak is already detected before in-depth sputtering (Fig. 4), the thickness was calculated
using those spectra, which guarantees that the whole oxide layer is taken into account. The used material
data are given in Table S 1. Values of 16 nm and 4 nm were calculated for respectively the MgO and Al,O3
layer, resulting in a total oxide thickness d of 20 nm. The thickness of the Al,Os layer is similar to the one
measured on AA-chips.

Thus, the homogenization treatment on chips induced a significant growth of an outer MgO layer on top of
the already existing Al,Os layer. First, it should be recalled that, according to an Ellingham diagram, MgO is
more stable than Al;Os [30]. Now, kinetics should also be taken into consideration. At room temperature, a
nanometric amorphous Al,03 layer is formed in few minutes on the clean surface of a metal and protects it
[31]. In the case of a Mg containing alloy, a very thin inner MgO layer appears too [32]. This corresponds to
the situation of the AA-cast and AA-chips samples. When the temperature increases, the Al,Os oxide
crystallizes and becomes porous, allowing the diffusion of Mg towards the surface and the formation of an
outer MgO layer [31, 32]. The transition temperature for Al,Os crystallization decreases when the Mg content
increases. For a 3003 Al alloys, containing 0.03 wt. % of Mg, it is around 520°C to around 370°C [33]. Since
the Mg content of the studied A6060 alloy (i.e., 0.39 wt. %) is larger than the 3003 Al alloy, its transition
temperature should be even lower. Thus, the homogenization treatment at 550°C is expected to be far above
the crystallization transition, which is in agreement with the observed outer MgO oxide. To summarize, the
nature of the observed oxide layers on AA-cast, AA-chips and AA-chips-H is in agreement with the literature.

Thus, the observed increase of the average oxygen content due to the homogenization treatment (Fig. 2) is
due to the oxidation of magnesium and not of aluminium. In other words, the alloying elements are involved.

The chip oxide layer is embedded within the extrudate during extrusion. The next step is thus to characterize
the bulk of AA-chips-HE. First, it was done at the micron scale by EPMA. Preliminary characterizations show
that oxides were submicronic and with a low density. Thus, a mosaic of maps was recorded and reconstructed
to be able to characterize a large area yet with a high spatial resolution (more details in section 2). Fig. 6
displays oxygen and magnesium EPMA maps in the middle of the extrudate cylinder. A complex network of
lines enriched simultaneously in Mg and O is observed. Based on XPS results, those magnesium oxides are
very likely to be the oxides that were on the chips. They will be called Prior Chips Boundaries (PCB), in
reference to the term Prior Particle Boundaries (PPB) which is commonly used in powder metallurgy.
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Fig. 6 : Mg and O elemental maps obtained by EPMA of the solid-state recycled aluminium alloy (AA-chips-HE). The observed area is
perpendicular to the extrusion direction and close from the middle of the extrudate cylinder. Dashed and straight arrows indicate
respectively continuous and interrupted Prior Chips Boundaries.

The network of PCB is composed of straight as well as irregular and interrupted lines (respectively dashed
and straight arrows on Fig. 6). Some few areas contain a higher density of PCB (double white arrows on Fig.
6). The PCB delimit domain with an approximate length of 300 to 600 um. The diameter of chips being around
8 mm, the ratio of chip over PCB size is of 13 to 27, which is comparable to the applied extrusion ratio of 30.
This complex network of PCB illustrates the fact that chips, and as a consequence the oxide layer on top of
them, were strongly deformed during extrusion. But oxides are still present, they are neither finely nor
homogeneously distributed. At the periphery of the cylinder (Fig. S 2), the PCB domains are smaller and more
elongated. Lines are more frequently interrupted. This reveals a macroscale heterogeneity of deformation
during extrusion.

On a smaller area (Fig. S 3), Al, Si and Fe were also mapped. None of them appear to be enriched at the PCB.
Aluminium oxides were detected in the chip oxide layer by XPS. Al being the matrix (i.e.: the major element),
it is very difficult to detect concentration variation of this element. At that point, the presence of aluminium
oxides at the PCB cannot be excluded.

The thickness of PCB is also of interest. Since it is of the same order of magnitude than the EPMA resolution,
another characterization technique is needed. This is why Transmission Electron Microscopy was used. Lines
of precipitates can be observed on bright field images of Fig. 7a and Fig. S 4. According to EDS maps (Fig. 7b),
those precipitates are enriched in oxygen and magnesium, among other things. Thus, they correspond to the
oxides at the PCB previously observed by EPMA. Here again, some line interruptions are observed (black
arrows on Fig. 7a). Thanks to the higher magnification offered by TEM, it can also be noticed that the
thickness of the lines varies greatly: from 85 to 750 nm, with an average of 290 nm. This is dramatically larger
than the oxide layer thickness that was measured on homogenized chips by XPS. It confirms that oxidation
continues during extrusion, which was already highlighted by RMIR measurements. Moreover, a few
discontinuities within the lines can be detected (red arrows on Fig. 7a). It could mean that, at some places,
the chip oxide layer was broken, despite its ongoing growth. This would be in favor of true welding of chips
during extrusion. Cracks, which would be indication of poor welding, were not noticed around the oxides.

EDS maps give more insight on the oxides’ composition: qualitatively and semi-quantitatively (Fig. 7b and Fig.
S 5b). Indeed, parts of the lines are simultaneously enriched in Mg and O (white arrows on Fig. 7b), with a
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ratio corresponding to MgO. This is in agreement with qualitative EPMA characterization. Areas enriched
with Mg, Si and O are also present (dashed white arrows on Fig. 7b). The measured composition is (Sis,Mg)O-,
which could be the SiO; oxide with some substitution of Si by Mg. However, if MgO and SiO; oxides of few
nanometers were next to each other, it could probably not be sorted out. It is underlined that the presence
of silicon at the PCB was not detected by EPMA, probably because it is less concentrated than Mg. In addition
to oxides, some copper sulfides were observed scarcely on the PCB. Their shape is oval, with a large diameter
of around 1 um, and their composition corresponds to Cu,S. It means that some contaminations tend to
agglomerate on PCB. Finally, some Fe,Si precipitates were frequently observed outside the PCB (they were
also visible by EPMA). Those precipitates are common yet unwanted in aluminium alloys. A depletion of
aluminium is observed at the PCB and the areas of oxygen enrichment are always combined with a Mg or Si
presence. So, the presence of aluminium oxides larger than few hundreds of nanometers is very unlikely.
Nevertheless, the presence of very thin aluminium oxides intricated with Mg and Si oxides remain possible.

It means that, during extrusion, no significant aluminium oxide growth takes place and that the increase of
oxidation is due to magnesium and possibly silicon oxidation. How the thin aluminium oxide inner layer of
homogenized chips evolves during extrusion is not known for now. This consumption of magnesium to form
oxides could modify its average concentration in the matrix (ie: far from the PCB), which could lead to an
alteration of the precipitation hardening.

Fig. 7 : TEM characterization of the solid-state recycled aluminium alloy (AA-chips-HE). (a) Bright field image. Black and red arrows
indicate respectively interrupted oxide lines and discontinuities within those lines. (b) EDS mapping of the area from (a) delimited by
the dashed red rectangle. The scale bar is of 1 um for all images. White straight and dashed arrows indicate respectively magnesium
and silicium oxide.
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Finally, APT analyses were performed on the chips-based extrudate (AA-chips-HE) and, for comparison, on
the starting cast material (AA-cast). The 3D reconstruction of volumes (Fig. 8) shows the distribution of Mg
and Si ions. In the AA-cast volume, calculations based on the mass spectrum indicate that there is 0.326 at.
% of Mg (Table 3). For AA-chips-HE, using the same peak identification in the mass spectrum than for the
AA-cast sample, the Mg content varies from 0.279 to 0.339 at. %, depending on the analyzed volume (Table
3). Thus, there is no detectable depletion of Mg in AA-chips-HE, which can be explained by the low density
of the PCB and of the Mg oxides which precipitate along them. Nevertheless, the Mg distribution may be
more heterogenous. It is mentioned that both samples have a slightly lower Mg concentration compared to
the measured macroscopic concentration of 0.42 at. % (Table 1).

Now the dispersion of solute atoms can be considered at a near atomic scale (Fig. 8a and b). In AA-cast, Mg
and Si are homogeneously dispersed in the matrix with, however, some visible clusters. In the volume 1 of
the chips-based extrudate material, similar repartition of ions is observed. Al-Si-Mg alloys typically exhibit
precipitates (GP-zones) in naturally aged samples [34-36], so such APT results are expected. To detect and
characterize them more precisely, the Isoposition method was used (section 2). Fig. 8c shows the presence
of clusters enriched in Mg and Si, typically GP-zones which are formed after natural ageing, common for this
material. This is confirmed by the size and the concentration of Mg and Si of these clusters (Table 3), which
are close to values from the literature [34-36]. The density of these clusters is lower for AA-chips-HE than for
AA-cast but, more importantly, their distribution appears less homogeneous. Indeed, in the three volumes
analyzed for AA-chips-HE, the measured densities are 69, 33 and 1.6 clusters/um3. However, this difference
in density of clusters have only little influence on the Mg content in the matrix for volume 1 and 2. For volume
3, the content is lower. This could indicate that volume 3 is close to a prior chip boundary, which induces a
depletion in Mg that has diffused out to the chip boundary and oxidized.

To conclude, formation of MgO precipitates at PCB does not impact the content of Mg solutes in the matrix
(i.e.: far away from the PCB). The size and the composition of GP-zones are not affected either. Nevertheless,
it may induce some composition heterogeneity, which especially affects the GP-zone density.
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Fig. 8 : 3D reconstruction of volumes analyzed by APT of (a) cast material (AA-cast), (b) chips-based extrudate material (AA-chips-HE)
for Mg, Siions and (c) Mg clusters determined by iso-position method.

Table 3 : APT measurements of composition of Mg in the matrix, of Mg and Si in the clusters, of the clusters average radius and density
for cast and chips-based extrudate samples.

Clusters densit
Sample name | [Mg] in matrix (at. %) | [Mg] in clusters (at. %) | [Si] in clusters (at. %) | Clusters radius (nm) us a::n_;;ns' v
AA-cast 0.326 +0.002 4.74 +0.67 2.15 +1.14 1.22 +0.14 103
AA-chips-HE
0.339 +0.003 4.66 +0.55 3.03 +1.30 1.26 +0.15 69
area 1l
AA-chips-HE
0.336 +0.003 4.67 +0.57 2.45 12.00 1.25 +0.17 33
area 2
AA-chips-HE
3 0.279 +0.004 4.83 |(onlyone)| 7.43 |(onlyone)| 1.18 [(onlyone) 1.6
area
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4. Discussion

Characterization of oxygen in a metallic alloy is often complex because, oxygen being a light element, it is not
precisely measured by most of the techniques. Moreover, there is always an oxygen contamination (from
the atmosphere or polishing products for instance), which can be difficult to sort out from the oxygen actually
inside the material. Here, oxygen content is low (from 0.002 to 0.022 wt. %), oxide layers on chips are
nanometric, oxides in extrudates are submicrometric and of low density, which increases the characterization
challenge.

We use a set of techniques to determine various parameters: RMIR for average oxygen content, XPS for
composition and thickness of oxide layer on chips, EPMA for localization of oxides in extrudates, TEM for
their size and composition, APT for the matrix composition. All those results were already shown to be in
qualitative agreement and to permit to quantify and/or localize oxygen. Now, we will combine the obtained
results to calculate additional parameters related to oxygen and go further in the description of the oxidation
during the solid-state recycling process. The calculations and the data are detailed in Supplementary
Material.

The average mass oxygen content [O]wt, as measured by RMIR in all samples, can be expressed as:

[0],,, = Pox * fo,0x " €ox " Sox

= Eq. (7)
we Pat* Var

Where p, e, S and V are respectively the density, the thickness, the surface and the volume, ‘ox’ and ‘Al’
subscripts refer respectively to oxide and aluminium alloy, fo,ox is the molar fraction of oxygen in the oxide.

Thanks to XPS analysis, the nature of oxides for cast and chips samples is known (ie: Al,O03 and/or MgO). The
Al;05; and MgO density pox and fraction of oxygen in the oxide fo ox are known. The thickness of the oxide layer
eox Was also determined thanks to XPS. Based on all those experimental data and on Eq. (7), the surface-to-
volume ratio Sox/Va can be calculated. This ratio is indeed complicated to estimate by geometrical
considerations, due to complex shape and rough surface of the chips. Using the experimental data, Sox/Val of
0.6,7.3 and 8.2 mm™ are calculated respectively for AA-cast, AA-chips and AA-chips-H. It comes as no surprise
that machining chips has dramatically increased the surface-to-volume ratio. It is mentioned that the AA-cast
is a small 1 cm? cube. For a standard cast ingot (length of around 8 cm, diameter of 6 cm), the surface-to-
volume ratio would be even smaller (0.09 mm™). It is also underlined that, considering the uncertainty on
both oxygen content and oxide thickness measurements, surface-to-volume ratio of both chip samples can
be considered as equal, which is consistent with the fact that the chips’ geometry remains the same during
homogenization annealing.

Assuming a constant Sox/Va ratio between the chips before and after homogenization, and to overcome the
uncertainty on this term, the ratio [Olwt, ch-n/[Olwt, ch can also be calculated using the experimental data and
Eqg. (7). Avalue of 4.05 is found, close to the 4.5 value obtained using the values provided by RMIR, confirming
the reliability of XPS measurements and of the chosen approach.

During extrusion, the oxide layer on the chips is incorporated within the extrudate. TEM characterization has
shown that the oxides within the AA-chips-HE are larger than the oxide layer on homogenized chips
characterized by XPS (respectively 290 and 20 nm). We can make the hypothesis that, during extrusion, chips
oxide layer grows up to 290 nm and, knowing the previously calculated surface-to-volume ratio of chips and
using Eq. (7), an oxygen content of 0.1 wt. % is calculated. This value is five times larger than the actual
measured oxygen content in AA-chips-HE (ie: 0.022 wt. %). Thus, the hypothesis of a homogenous growth of
the oxide on the whole surface of chips during extrusion can be rejected. This is in agreement with TEM
images of AA-chips-HE, on which discontinuous lines of oxides were observed. Instead, two extreme options
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can be proposed. The first one suggests that only a fraction of the chip oxide layer grows during extrusion.
Based on Eq. (7), on the oxygen content and oxide thickness measured respectively by RMIR and TEM in AA-
chips-HE and on the surface-to-volume ratio of chips previously calculated, a fraction of around 20 % is
calculated. The second one suggests that the surface to volume ratio of chips increases during extrusion due
to the high local extrusion strain (surface expansion), creating new clean metal surfaces where oxides grew.
The previous approach cannot sort out those two mechanisms, and a combination of both end cases can
actually be obtained.

The significant enhancement of oxide growth during extrusion appears surprising at first. Indeed, extrusion
is performed at the same temperature than the previous homogenization treatment (i.e., 550°C) and lasts
only few minutes, compared to 6h of homogenization. This could be due to a local temperature increase of
the extrudate or to an influence of plastic deformation. The oxide layer on homogenized chips could also
have a more complex morphology than the homogeneity and continuity assumed for calculating its thickness,
which would lead to a misestimation. This will be studied in more detail in the future.

Finally, the in-depth characterization proposed above is summarized into an oxidation mechanism in Fig. 9.
The initial ingot, with very low surface-to-volume ratio, is made of AA 6060, covered with a 7 nm thick native
Al,O5 layer (Fig. 9a). After being turned into chips, the surface-to-volume ratio increases strongly. The chips
are still covered with the native Al,O; layer, with a thickness of 4 nm (Fig. 9b). It results in an increase of the
total oxygen content. During homogenization at 550°C for 6 hours, the Al,O3 layer crystallizes, and becomes
porous, allowing for Mg to diffuse out and form a 16nm-thick layer of MgO, leading to a more significant
increase of oxygen content (Fig. 9¢). The final step of extrusion is more complex to analyze. Indeed, according
to the thin film theory [20], adapted for chip extrusion [21], the surface extension of the chips, which is
induced by extrusion, cracks the oxide surface layer, exposing the metal. This new metal surface is
immediately oxidized by the air trapped within the pre-compacted billet, creating a new oxide layer. The
surface extension goes on, finally managing to break this newly formed oxide layer and to put into contact
two clean metal surfaces. It results in a sound metal bounding. In agreement with this theory, the measured
oxygen intake greatly increases during extrusion. Nevertheless, the measured oxides in extrudates are
significantly larger than the oxide layer measured on homogenized chips, indicating that this layer may have
pursued its growth during extrusion. Then, two end-scenarios (Fig. 9d1 and d3) are proposed, considering
either a growth of oxides exclusively on the pre-existing layer, on about 20% of this surface (Fig. 9d1), or the
formation of new oxides exclusively on new metal surfaces (Fig. 9d2). Note that the height of the new oxides
in the schematic of Fig. 9 is not at scale, TEM measurement showed a thickness of about 290 nm. An
intermediate scenario, depicted in Fig. 9d3, shows a combination of oxide growth on top of former MgO
oxides and on fresh AA6060 surfaces. Oxides at the surfaces and the newly formed metal surfaces illustrated
in Fig. 9d1 to d3 are incorporated in the extrudates. The incorporated oxides form the complex network of
PCB, revealed by EPMA analyses (Fig. 6) and TEM analyses (Fig. 7). Although the oxides formed during
extrusion, in green in Fig. 9, are mostly made of MgO, as indicated by EPMA analyses (Fig. 6), TEM have
revealed that other compounds might be found there. Their average size of 290 nm is order of magnitude
larger than the maximum oxide thickness of 3 nm, which allows welding of two aluminum surfaces [37]. In
other words, a poor welding is anticipated around those oxides, although no cracks were observed. On the
contrary, the newly formed metal surfaces allow local sound welding.
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Fig. 9 : Oxidation mechanism during solid-state recycling: (a) initial ingot, low surface-to-volume ratio. (b) machined chips, high
surface-to-volume ratio. (c) homogenized chips. (d1) to (d3): chips extension during extrusion and the possible scenario of breakage
and growth of surface oxides. For (a) to (c), the global shape (above) and a cross-section (below) are depicted.

Hence, the results presented here provide an in-depth microstructural characterization of the oxidation,
ultimately providing a schematical oxidation mechanism. Although some assumptions have been made, such
as the constant thickness of the oxide, the results provide a good qualitative and reasonably quantitative
characterization of the oxidation.

Based on this oxidation mechanism, some ways of improvement can be proposed. The most efficient way to
limit oxidation is very likely to perform heat treatment and extrusion under an inert atmosphere. To be able
to do so, the compacting could be replaced by cladding the chips within an inert atmosphere before heat
treatment and extrusion. This approach is successfully performed in powder metallurgy processing routes
[38]. Nevertheless, it would be a complex and costly procedure. To facilitate the industrialization of solid-
state recycling, it is preferable to remain close from the processing steps already at use in the industry of
cast-billet extrusion (i.e.: heat treatment and extrusion under atmospheric conditions [39]). A second way of
improvement is to finely tune processing. Decreasing the temperature of both homogenization treatment
and extrusion appears as a promising first step. To do so, a deep understanding of oxidation kinetics and its
relationship with the processing parameters is required. This second way will probably be a better
compromise to limit both oxidation and cost.

5. Conclusion

The oxygen contamination during solid-state recycling of a 6060 aluminium alloy was characterized. Samples
from each step of the process were considered: the cast alloy as reference, the turning chips, the chips after
the homogenization treatment and the extrudate obtained after hot extrusion. To be able to quantify and
localize oxygen, a combination of techniques was used: RMIR for the average concentration, XPS for
composition and thickness of surface layers, EPMA for global localization, TEM for local characterization and
APT to measure the concentration of the matrix on a nanometric scale. The main results are the following:

- The average oxygen concentration increases at each step of the process, and especially during
extrusion: It goes from 0.009 wt. % of O in the turning chips up to 0.022 wt. % in the chip-based
extrudate.
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- Chips are covered with a thin Al203 layer of 4 nm. During homogenization, due to the temperature
increase, a thicker MgO layer grows on top of the Al,Os layer. This is expected for aluminium alloys
containing Mg.

- Those oxides are embedded within the bulk during extrusion. They form a complex network of lines,
which are named Prior Chip Boundaries (PCB). They delimit domains of several hundreds of
micrometers. PCB are made out mainly of oxides, but also of other intermetallics or precipitates, in
a much smaller extent.

- Those oxides have an average thickness of 290 nm and are composed mainly of MgO with additional
binary Mg and Si oxides.

- The average concentration of Mg in the matrix, far away from the PCB, remains unchanged but the
distribution of Mg enriched GP-zones seems more heterogenous.

In conclusion, the main source of oxygen contamination is not the unavoidable Al,O3 oxides already present
on the chips, but the additional oxidation during the process. Thus, tuning processing parameters appear as
a strong leverage to limit oxidation and the subsequent properties degradation. The involvement of alloying
elements in the oxidation, mainly Mg but also Si, should also be stressed. It means that, when applied to
another aluminium alloys compositions, the oxidation during solid-state recycling could be drastically
different. Thus, the generalization of solid-state recycling to a wide panel of aluminium alloy families will
probably require significant adjustments of processing parameters.

In the future, the processing parameters, and in the first place the homogenization and extrusion
temperature, will be made varied in order to decrease the oxidation and favor sound chip welding. The
hardening precipitation in chip-based extrudates will also be studied to check whether this essential feature
is modified or not compared to cast based aluminium alloys.
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Fig. S 1 : XPS spectra of the starting aluminium ingot (AA-cast). The colored circles and black dashed lines correspond respectively to

the experimental spectra and peak fitting. When the spectrum is fitted by two peaks, the corresponding bonds are indicated and the
total fit is plotted as a color straight line.

Fig. S 2 : Mg and O elemental maps obtained by EPMA of the solid-state recycled aluminium alloy (AA-chips-HE). The observed area
is perpendicular to the extrusion direction and close from the periphery of the extrudate cylinder (as indicated by white arrows).
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Fig. S 3 : Back-scattered electron (BSE) and elemental maps obtained by EPMA of the solid-state recycled aluminium alloy (AA-chips-
HE) in the middle of the cylinder. The scale bar is the same on all maps.

Fig. S 4 : TEM characterization of the solid-state recycled aluminium alloy (AA-chips-HE). Juxtaposition of several XX images following
a PCB.
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Fig. S 5 : TEM characterization of the solid-state recycled aluminium alloy (AA-chips-HE). (a) Bright field image. (b) EDS mapping of
the area from (a) delimited by the red rectangle. The scale bar is of 2 um for all images.

7.2. Data and formula for calculations

Table S 1 : Material data used for oxide layer thickness calculations based on XPS spectra.

Name (units) Symbol Values
Ppure Al 2.7
Density (g.cm™) Ppure Al,04 3.95
ppure Mgo 3.58
Dplure Al 0.1
) .
Number density of element X in phase Y D,fllzo3 0.077
(mol.cm?3)
Mgo
Dyg 0.0898
Ty 3381
Transmission [28]
Tug 3349
Oy 0.537
Cross-section of photo-ionization [28]
Omg 0.3335
Apure At 31,04
Inelastic mejan free path (II\{IFP) of element 41205 328
X in the phase Y (A) [40] Al
A0 28,3
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AM90 6,95

Calculation of number densities

Al Pal
Dpure _
Al

T My,
2
Al203 _
Dj; T My, + 3+ M, * Paizos
DMgO _ 1

= —%
M3 T My + My PM90

Where My is the atomic mass of element X

Calculation of the average weight oxygen concentration [O]u: in chips:

Mo Moy * fo,0x

[Olye=—=———

may may

Where: m is the mass, ‘ox’ and ‘Al’ subscripts refer respectively to oxide and aluminium alloy, and fox is the
molar fraction of oxygen in the oxide. Here the hypothesis is made that all O is contained in oxides. In other

words, O in solid solution in aluminium is neglected.

Pox * Vox * fo,0x
par* Var
Where p, S and V are respectively the density, the surface and the volume.

[0]wt =

[O]Wt _ Pox 'fO,ox.' €ox 'Sox
Par Var

The thickness e is introduced because it is an available experimental data. This is Eqg. (7), which was used in
the section 4.
3% My
fo,a1203 = 2% My + 3 %M,
Mo
fomgo = W

Where My is the atomic mass of element X

Calculation of the fraction of the chip oxide layer which grows during extrusion fgrowth (in %)
The volume of oxides in the extrudates is equal to the oxides which have grown to reach a thickness eoy,ext Of
290 nm as measured by TEM and the oxides that were already present on the chips and whose thickness e
remains constant (ie : 20 nm as measured by XPS).

Vox,ext = Sox * €ox * (1 - fgrowth) + Sox * €ox,ext * fgrowth
Where ‘ext’ subscript refers to extrudate samples (AA-chips-HE).

Then, it can be inserted in Eq. (7) to express fgrowth With available experimental data
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f _ 1 *([0]wt*@* 1 —e )
growth = - fO,ox Pox _SOX X Eq' (8)

€ox,ext €ox

Vtotal

This equation was used in the section 4. It is mentioned that, when neglecting the oxides which do not grow
during extrusion, a value of 18.9 % is found for fgowtn, very close of the result of 20 % without this
approximation.
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