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Abstract: The European Green Deal poses a two-pronged challenge for the automotive industry:
migrating to solutions based on light structures, requiring lightweight concepts and light materials,
while at the same time avoiding dependence on the importation of these advanced materials. Alu-
minium alloys are lightweight and cost-effective materials that can successfully meet the requirements
of many structural applications; however, their production requires bauxite and other Critical Raw
Materials (CRMs), such as Si and Mg. Aluminium alloys are fully recyclable, but scrap is usually
contaminated and its use is related to an increment of impurities, tramp elements and undesired
inclusions. Traditionally, the use of secondary alloys has been restricted to low-performance appli-
cations. The present work analyses the effect that the use of scrap has on the quantity of inclusions
present in the alloy and on other properties relevant for material processing. This study was carried
out using common alloys associated with three of the most common aluminium processes used
in the car manufacturing industry: high-pressure die casting (HPDC) (AB-43500), extrusion (6063)
and sheet metal forming (5754 and 6181). The reference alloys were mixed with different levels of
scrap (0, 20, 40, 60, 80 and 100%), with an aim to keep the chemical composition as unaffected as
possible. The inclusion level of the alloy was characterized using the Prefil Footprinter® test. In
addition, the obtained materials, after being cast in an open mould, were subjected to metallographic
characterization. Relevant properties were measured to assess the processability of the alloys for
the corresponding transforming process using the flowability test for the HPDC alloy and high-
temperature compression for the extrusion alloys. The results obtained suggest that the number of
inclusions present in the melt highly increase with the amount of scrap used to produce the alloy.
These inclusions are also related to a significant loss of flowability, but do not have a noticeable
impact on microstructure.

Keywords: aluminium alloys; recycling; inclusions; flowability; casting

1. Introduction

The European Green Deal poses a two-pronged challenge for the automotive indus-
try: migrating to solutions based on light structures, requiring lightweight concepts and
light materials, while at the same time avoiding dependence on the importation of these
advanced materials.

Aluminium is a lightweight and cost-effective material that can successfully meet the
requirements of many structural applications. The use of aluminium in vehicles has been
steadily growing over the last few decades [1], substituting steel and cast iron and making
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vehicles more efficient and less fuel-demanding [2]. As a reference, a weight reduction
potential of up to 20–30% was estimated by making use of high-performance aluminium
grades when compared to traditional steel-based construction [3]. However, these high-
performance parts need to be produced using primary aluminium alloys requiring bauxite,
as well as other alloying elements classified as sensitive by the CRM alliance, the most
common of those being metallic silicon (Si) and magnesium (Mg).

While aluminium recycling is widespread in the automotive industry, recycled alloys
are currently not able to fulfil the property requirements for structural applications due
to limitations in their formability and mechanical performance. As a reference, a 2011
study estimated that in the making of high-performance alloys, recycled scrap accounted
for approximately one-third of the input materials, with the rest being primary alloys [4].
Moreover, parts traditionally produced with the intensive use of recycled aluminium
(motor blocks, gear boxes, oil pans, valve covers) [5] are not present in electrical vehicles.
Therefore, a better understanding of how scrap affects aluminium’s properties is required
in order to develop new high-performance, environmentally and strategically sustainable
aluminium grades and their forming processes, which is fundamental for the sustainable
electrification of the automotive industry.

The assessment of the purity of aluminium alloys is critical for both quality and process
control and is defined by the number of inclusions (native and/or exogenous particles)
present in the molten metal [6,7]. Depending on the size and proportion of the inclusions,
i.e., a single large inclusion or a large number of small inclusions, these can have a negative
effect on the mechanical and chemical properties of the final product.

For cast products, in order to be able to produce the highest possible quality aluminium
alloy, liquid metal preparation processes are carried out first [8,9]. These processes require
effective purification and refining procedures, for which salt additives are used and refining
is carried out by degassing [6,8–11].

In the case of wrought products, material improvement needs to be performed during
the production of the intermediate form; e.g., hot rolling for a sheet metal grade, extrusion
of a cast ingot through a die, or shaping a bulk material through hot forging. All these hot
forming processes change the cast microstructure into a more homogeneous and textured
recrystallized morphology; correcting segregation while at the same time fragmenting
inclusions and closing small voids. Despite these measures, the impurity content still
affects the mechanical properties of the material. In the particular case of sheet metal,
intermetallic particles can be detrimental to the formability of the alloy, as discussed, for
instance, in references [7,12].

On the other hand, alternative processing strategies exist for high-purity alloys, such
as filtration. In this case, the casting process is carried out by pouring the liquid metal
through appropriately selected ceramic filters [6,10]. By using this procedure, a significant
amount of solid inclusions are entrapped in the filter and do not reach the product. This
process can also be used as an analytical device to characterize the inclusion profile in an
alloy; the work in this paper has been performed using this technique.

A great deal of research has already been performed on the subject of inclusion
analysis, which has led to the division of impurities into groups: oxide films, carbides,
magnesium oxides, refractory materials, compounds formed during the melt treatment,
other contaminations, and additives [10]. In the case of casting alloys, it has been shown
that oxide films in solid aluminium alloys are formed by the entrainment of the surface
of the metal in the liquid state. The oxide layers act as substrates for the precipitation
of other phases on their wetted external surfaces. Oxides observed in Al-11.5Si-0.4Mg
casting alloys include MgAl2O4, Al2O3 and MgO. Oxide is one of the most deleterious
and pervasive inclusion types present in Al-Mg melts. They are generally formed by
oxidative reactions due to the high oxygen affinity that it exhibited by aluminium and
magnesium. In Al-Mg alloys, the tendency to oxidize increases rapidly with increasing
Mg content. The oxidation reaction path depends on the amount of Mg and probably
starts with the formation of amorphous MgO, MgAl2O4 or Al2O3, which then transforms
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into crystalline MgO, MgAl2O4 or γ-Al2O3 films. The high concentration of Mg on the
alloy surface promotes the initial oxidation into MgO. Moreover, since MgAl2O4 is more
thermodynamically stable than MgO, MgO gives way to MgAl2O4 with longer reaction
times [13,14]. The MgAl2O4 spinels are the most detrimental inclusions in aluminium
alloys because of their large size and hardness. Spinel (MgAl2O4) is the most common
type of inclusions found in experimental alloys due to the fact that all of them are alloyed
with magnesium. Aluminium oxide (Al2O3) is formed either under conditions of local
magnesium depletion or is derived from the feedstock. The MgO film can come from the
original ingots. SiO2 inclusions are trapped either in the sand or in the refractory material
and are themselves surrounded by an oxide film [15].

These oxide layers and inclusions are also present in wrought alloys. Samples of
AA5038 alloys taken in the Wagstaff plant at a temperature of 680–690 ◦C contained Al2O3
inclusions, which could have originated from the electrolysis raw material (aluminium
oxide not dissolved in the salt bath), or from the refractory filter or from the casting ladle.
Spherical agglomerates of magnesium and aluminium silicate and TiB2 particles formed
from AlTi5B1 grain refiner additions were observed at the interface between the ceramic
filter and the 5038 alloy [9,16]. Microscopic analysis of the inclusions above the filter as
well as the billet samples showed the presence of magnesium oxides and spinels due to Mg
contents of 0.4 to 0.55% in the 6063 alloys. In addition to the dominant oxides, TiB2 and
Al4C3 inclusions were also observed. The carbides are formed during the reduction in the
pot cells in the aluminium smelting process. Al4C3 inclusions < 3 µm are not considered
harmful. TiB2 agglomerates were present in significant amounts and formed as a result of
the addition of the AlTi5B1 grain refiner to the melt. For alloys purified by SNIF degassing,
it has been shown that oxides greater than 50 µm and borides greater than 20 µm are
removed while smaller borides agglomerate [6].

The chemical reactivity leading to the formation of non-metallic inclusions, their
decomposition and size is mainly due to small changes in the chemical composition of the
alloy and the conditions under which the process of preparing the liquid metal for casting
is carried out [6,17]. Therefore, in the current research to achieve a zero waste effect, it is
extremely valuable to know how to remelt scrap with maximum contributions.

This paper presents an analysis of the effect of increased scrap content on the mi-
crostructure and formability of alloys in HDPC, sheet metal and extrusion processes. A
Prefil Footprinter® was used to control the level of inclusions by assessing the liquid metal
flow rate and the type and size of inclusions appearing in the filtered material as a function
of the scrap content. Specific performance tests to assess alloy processability were em-
ployed for the different materials, including the flowability for HPDC, the hot compression
ductility for the extrusion alloys and the microstructural evolution for the sheet metals.

2. Materials and Methods
2.1. Materials
2.1.1. Aluminium Alloys

Alloys corresponding to three different production processes were analysed: AB-43500
for high-pressure die casting (HPDC), 6063 for extrusion, and finally age hardening 6181A
and strain hardening 5754 for sheet metal. The aim of this choice was to select representative
examples of the major types of aluminium alloys and forming processes used in passenger
automobiles. Chemical composition of the source materials used in this work is shown
in Table 1.
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Table 1. Average chemical composition (wt.%) of the alloys used in this work determined by
mass spectrometry.

n = 5 Si Fe Cu Mn Mg Zn Cr Ni Pb Sn Ti

EN AB-43500 10.40 0.16 0.03 0.65 0.18 <0.01 <0.01 <0.01 <0.01 <0.01 0.07

6063 0.58 0.2 <0.03 0.03 0.48 <0.03 <0.03 <0.03

6181A 0.91 0.027 0.14 0.3 0.76 0.06 0.02 <0.03 <0.03 <0.03 <0.03

5754 0.14 0.16 0.02 0.16 2.86 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

2.1.2. Scrap

In order to obtain different levels of recycling, base materials were increasingly mixed
with scrap from similar alloys. This procedure will be described in Section 2.2. Scrap
fragments were sorted based on their morphology and appearance. Sorting methodologies
proposed will be described in a specific article in the future.

For die casting, scrap consisted of typical die cast parts; chemical analysis was per-
formed on selected examples, and average values are reported in Table 2 as “die cast-
ing scrap”.

Table 2. Average chemical composition (wt.%) of scrap used in this work as determined by mass
spectrometry.

n = 5 Si Fe Cu Mn Mg Zn Cr Ni Pb Sn Ti

Die casting scrap 10.81 0.15 0.01 0.62 0.26 0.01 <0.01 <0.01 <0.01 <0.01 0.07

“6xxx” scrap 0.45 0.23 0.01 0.04 0.43 0.01 <0.01 <0.01 <0.01 <0.01 0.02

For extrusion and sheet metal materials, the reference alloy was mixed with selected
scrap initially identified as 6xxx series fragments, even though, upon closer inspection,
some residual 5xxx and even 3xxx series could be visually identified. An analysis of the
scrap composition was performed by measuring 10 different 6xxx series scrap fragments.
The average chemical composition of the scrap is presented in Table 2.

2.2. Sample Production

For each alloy, specimens were produced for material characterization with different
levels of scrap: 0, 20, 40, 60, 80 and 100%. In order to combine several of these tests into one
single trial, we used the approach of starting with 100% reference alloy or 100% scrap and
adding the other component, first, to a concentration of 20% and then, in a second step, to a
concentration of 40%.

2.2.1. HPDC

For the tests with the HPDC alloys, the furnace was charged with about 24.4 kg of
one of the materials, either ingots of AlSi10MnMg alloy or of scrap and heated up to a
temperature of 710 ± 10 ◦C.

Scrap was sequentially added; the composition of the different mixtures investigated
is presented in Table 3. From the results obtained for the 100% scrap, it can be inferred
that the average composition obtained from the measured scrap is in line with the actual
average composition of the scrap, and most of the scrap belongs to AB-43500 alloy.

Three different sample types were cast from the melt: 3 square plates, 3 small ingots
and 1 flowability test specimen (Figure 1). These plates (150 × 150 mm) were filled up
to about 25 mm and were used to measure the chemical composition of the batch and to
observe the alloy’s microstructure.
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Table 3. Average chemical composition (wt.%) determined by mass spectrometry of samples taken
from the different batches produced from AB-43500 alloy.

n = 5 Si Fe Cu Mn Mg Zn Cr Ni Pb Sn Ti

0% scrap 10.34 0.17 0.03 0.58 0.18 <0.03 <0.03 <0.03 <0.01 <0.01 0.06
20% scrap 10.29 0.16 0.02 0.58 0.18 <0.03 <0.03 <0.03 <0.01 <0.01 0.06
40% scrap 10.25 0.16 0.02 0.56 0.19 <0.03 <0.03 <0.03 <0.01 <0.01 0.06
60% scrap 10.1 0.16 0.03 0.53 0.21 <0.03 <0.03 <0.03 <0.01 <0.01 0.06
80% scrap 10.22 0.17 0.03 0.54 0.23 <0.03 <0.03 <0.03 <0.01 <0.01 0.06
100% scrap 10.01 0.14 0.03 0.51 0.25 <0.03 <0.03 <0.03 <0.01 <0.01 0.06

EN AB-43500 9–11.5 <0.20 <0.03 0.4–0.8 0.15–0.6 <0.07 <0.05 <0.05 <0.05 <0.05 <0.15
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2.2.2. Extrusion Alloy: 6063

The base material used was 6063 alloy extrusion billets produced by the company
ASAS (Table 1); the reference alloy was mixed in different proportions with selected “6xxx-
scrap” (Table 2).

A similar procedure as described for the HPDC tests was carried out. About 24.4 kg
was charged into the furnace; additions of either scrap or billet were introduced into the
melt to modify the proportion of feedstock materials used. A total of 3 square plates and
3 small ingots (Figure 1) were cast in each step and were used to characterize the alloys
with Prefil Footprinter® and optical microscopy following the same procedure described
for HPDC. The chemical composition measured by spectrometry from one of the plates for
each batch produced is presented in Table 4.

Table 4. Average chemical composition (wt.%) determined by mass spectrometry of samples taken
from the different batches produced from 6063 alloy.

n = 5 Si Fe Cu Mn Mg Zn Cr Ni Pb Sn Ti

0% scrap 0.8 0.2 0.02 0.05 0.48 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
20% scrap 0.72 0.21 0.02 0.05 0.47 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
40% scrap 0.62 0.21 0.02 0.05 0.47 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
60% scrap 0.51 0.23 0.01 0.05 0.45 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
80% scrap 0.51 0.23 0.02 0.06 0.45 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
100% scrap 0.5 0.23 0.02 0.06 0.43 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

2.2.3. Sheet Metal Alloys 6181A and 5754

The company Profilglass supplied commercial 6181A alloy sheets, 2 mm thick, cut in
900 mm × 500 mm blanks. The chemical composition, as determined through spectroscopy,
is reported in Table 1. The blanks were melted in the furnace mixed with different propor-
tions of “6xxx scrap” (Table 2). The content of Si and Mg was corrected with the addition of
master alloys of the corresponding elements. The chemical composition obtained for each
batch is presented in Table 5.
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Table 5. Average chemical composition (wt.%) determined by mass spectrometry of samples taken
from the different batches produced from 6181A alloy.

n = 5 Si Fe Cu Mn Mg Zn Cr Ni Pb Sn Ti

0% scrap 0.88 0.32 0.13 0.29 0.74 0.06 <0.03 <0.03 <0.03 <0.03 <0.03
20% scrap 0.92 0.33 0.11 0.25 0.76 0.08 <0.03 <0.03 <0.03 <0.03 <0.03
40% scrap 0.95 0.32 0.10 0.22 0.71 0.08 <0.03 <0.03 <0.03 <0.03 <0.03
60% scrap 0.96 0.29 0.06 0.14 0.68 0.08 <0.03 <0.03 <0.03 <0.03 <0.03
80% scrap 1.00 0.27 0.05 0.10 0.66 0.08 <0.03 <0.03 <0.03 <0.03 <0.03
100% scrap 1.07 0.26 0.03 0.06 0.65 0.08 <0.03 <0.03 <0.03 <0.03 <0.03

For 6181 (Table 5), the main alloying elements fall within acceptable limits inside the
whole range of trials, with some observations. Iron is kept fairly low, mainly due to the
carefully selected scrap; in fact, the level of Fe decreases as scrap rate is increased. This
behaviour is not expected to be representative of a scaled-up case of circularity in the
current industrial environment, as seen in reference [12]. Manganese was the other element
flagged as conflictive, as the used scrap may have included 3xxx-series profiles. Manganese
turned out to not be an issue due to the scrap selection. Finally, Zn and trace elements Cr
and Ti did not significantly worsen throughout the experiment.

As the desired alloying elements, silicon and magnesium were already present in the
scrap mix, and additions were calculated considering the average contribution presented
in Table 2. Amounts were slightly miscalculated, resulting in an increase in Si content,
but it was within the acceptable range of the alloy. Magnesium, on the other hand, was
expected to be partially recovered from scrap in the mix. Unfortunately, this contribution
was overestimated, and resulted in decreased alloying content throughout the experiment.
It is believed that part of this Mg difference may have oxidated into the dross.

In the case of 5754 alloy, the base material was again 2 mm thick commercial 5754 blanks,
900 mm × 500 mm in size; chemical composition is presented in the first row of Table 6. As in
the previous experiments, this material was mixed with scrap that had been identified as
5xxx sheet rests in increasing amounts. In this case, it is noteworthy that the selected scrap
appeared to include some fragments of 6xxx alloy.

Table 6. Average chemical composition (wt.%) determined by mass spectrometry of samples taken
from the different batch produced from 5754 alloy.

n = 5 Si Fe Cu Mn Mg Zn Cr Ni Pb Sn Ti

0% scrap 0.18 0.29 0.02 0.16 2.78 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
20% scrap 0.23 0.28 0.03 0.18 2.72 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
40% scrap 0.25 0.26 0.04 0.19 2.66 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
60% scrap 0.35 0.28 0.06 0.21 2.49 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
80% scrap 0.39 0.27 0.06 0.22 2.44 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
100% scrap 0.43 0.28 0.07 0.23 2.37 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

As a result of this mixture, the chemical composition (Table 6) did not remain as
stable as in 6xxx; the value of silicon in particular experiences significant drift and falls
out of specification already at the 40% scrap level. Fe, Cu and Mn, however, are kept in
the acceptable range of the alloy, as the 5754 standard tolerates relatively high levels of
these elements.

From each of the batches, specimens in the shape of ingots and plates were cast
(Figure 1) to characterize the alloy properties with the Prefil Footprinter® ABB, Québec,
Canada (Figure 2) and light microscope.

2.3. Filtration and Analysis by Means of Profil Footprinter®

Ingots produced for each of the material variants, with an average weight of 1.5 kg
and approximate measures of 240 × 90 × 45 mm, were remelted for the Prefil Footprinter®
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test, an instrument used to determine the amount and type of inclusions present in alloy,
based on the pressure filtration principle (Figure 2). A ready-to-use crucible, equipped with
a porous filter disc at the bottom, was preheated and installed in the pressure chamber.
Then, a sample of liquid metal, remelted at 730–740 ◦C, was taken and poured into the
crucible. The test started once the metal was at 700 ◦C. During the test, the system contin-
uously weighed the metal and displayed a curve of the accumulated weight versus the
elapsed time.
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Metallographic analysis consists of examining the residue of unfiltered metal collected
on the filter surface of the Prefil Footprinter®. The Prefil Footprinter® device uses a filter
with a pore size of 90 µm. The residue remaining in the filter was sectioned through the
central plane perpendicular to the disc, ground and polished to a mirror-like finish. Metal-
lographic examinations were observed on light microscopy (LM) Zeiss Axio Observer 7 and
scanning electron microscope (SEM) Inspect F50 with energy-dispersive X-ray spectroscopy
(EDS) EDAX chemical analysis in microareas. Research on the identification of inclusions
involved the use of the EDS technique, which enables the analysis of the chemical composi-
tion in microareas on the sample surface. The quantitative analysis of inclusions was carried
out on LM and SEM pictures. The content of the inclusions concentrated on the surface of
the test filter is then quantified using image analysis software. This was then normalised by
both nominal chord length, and by the mass of metal filtered, to give the familiar units of
mm2/kg according to the generally accepted formula [19,20]. The inclusion concentration
is reported in mm2/kg, indicating the area of inclusions in the sectioned part. Inclusions
are classified arbitrarily regarding the class and content (in mm2/kg).

2.4. Additional Tests

Tests were performed on the various material variants. The aim of these tests was
to evaluate a property or characteristic relevant for each of the applications; this way,
flowability was measured for HPDC alloys; hot compression behaviour was measured for
extrusion metals; and sheet metal samples were recrystallized by introducing deformation,
and their hardness was measured.

2.4.1. Flowability (HPDC Alloys)

Alloy castability is a basic requirement for any aluminium casting alloy. One of the
physical properties that relate to the casting ability is the alloy fluidity. Experimentally,
there are different setups to assess alloy fluidity or flowability [21]. For the present study, a
mould and procedure to assess aluminium alloy flowability were designed and tested [22]
and a paper dedicated to flowability test results is currently under preparation. Flowability
specimens, with 6 strips of different thicknesses (1, 3, 5, 7, 9 and 11 mm), were cast
and measured to determine the alloy flowability of the batch produced for the different
scrap level.
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The flowability tests were conducted at the same melt temperature as the casting of
the rest of the specimens (710 ± 10 ◦C). The mould was equipped with tempering circuits,
where oil at 180 ◦C was circulated at least 30 min before starting the tests [22].

2.4.2. Hot Compression (Extrusion Alloys)

To evaluate the behaviour of the processability of the aluminium under extrusion
conditions, hot compression tests were performed, as they are commonly used in the literature
to assess the alloy extrudability [23,24]. Cylindrical samples of 8 mm in diameter and 12 mm
in length were extracted from the ingots and compressed in an Instron 5582 universal testing
machine at a temperature of 500 ± 5 ◦C. Samples were heated for 15 min before testing,
and the test was conducted as crosshead speeds of 250 and 450 mm/min until reaching
65% deformation. All contact points between the samples and the testing equipment
were lubricated.

2.4.3. Production of Hot-Deformed Samples (Sheet Metal)

In order to produce representative materials for microstructure and hardness analysis,
a hot deformation and recrystallization procedure was followed. The aim of this step was
to transform the cast ingots into a microstructure comparable to a wrought alloy.

These samples were cut into small blocks, forged in a press to an approximate 40%
reduction at 530 ◦C and finally annealed at 550 ◦C for 10 min and quenched, in order to
force some recrystallization to occur and break the casting structure.

After this, the samples were subject to post-processing: 6181A samples were then
subject to artificial aging for 1 h at 200 ◦C. On the other hand, 5754 samples were cold-
formed at approximately 60% reduction to verify that the material showed the desired
strain hardening behaviour; these conditions were chosen as relevant based on the work of
Snopinski et al. [25].

3. Results
3.1. High-Pressure Die Casting (HPDC) Alloys
3.1.1. Flowability Test Results

In order to assess the processability of the AB-43500 alloy developed for HPDC, strip
moulds with different thicknesses were used. The lengths of the strips for the different
samples investigated in the flowability test are presented in Table 7.

Table 7. Length measured for the 6 strips of the flowability specimens and average values.

1 mm 3 mm 5 mm 7 mm 9 mm 11 mm Average

Ref. ingot 0 135 35 135 60 85 75.00
20% scrap 0 100 55 110 95 70 71.67
40% scrap 0 90 40 80 65 60 55.83
60% scrap 0 130 30 105 75 20 60.00
80% scrap 0 40 5 70 20 0 22.50

100% scrap 0 70 5 75 20 10 30.00

It can be observed that, in general, the materials obtained with a higher amount of
scrap show a lower flowability than the ingot or those with a lower scrap content. Another
observation that can be made is that, in general, the metal flows better in the right side of
the mould (channels 3, 7 and 9 mm thick) than in the left side of the mould (1, 5 and 11).

3.1.2. Microstructure

The observation of polished specimens extracted from the produced square plates
(Figure 1) revealed a similar microstructure for all six scrap proportions. No new phases
or foreign particles were detected in the specimens with a higher scrap content; neither a
significative difference in the shape or size of the different phases was observed (Figure 3).
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Figure 3. Microstructures obtained by light microscope for the most extreme batches produced for
EN AB-43500 alloy: 0% scrap (left) and 100% scrap (right).

3.1.3. Prefil Footprinter®

Table 8 summarises the main results of the Prefil Footprinter® test. For each of the
batches, a decrease in the rate of filtration is observed with an increase in the proportion
of scrap used. The filtration rates obtained for the AB-43500 alloy decreased when the
proportion of scrap in the alloy was increased. It was observed that samples with a 0
and 20% scrap content presented a high filtration rate of 17–14 g/s; in the samples with a
40–60% scrap content, the filtration rate was decreased to about 13 g/s and for the samples
with 80 and 100% scrap, the filtration rate was about 10 g/s.

Table 8. Values obtained from the Prefil Footprinter® test of the AB-43500 alloy.

Samples 0%
Scrap

20%
Scrap

40%
Scrap

60%
Scrap

80%
Scrap

100%
Scrap

Weight (kg) 1.416 1.432 1.406 1.415 1.403 1.402
Duration (s) 85 100 109 112 134 140

Filtration rate (g/s) 16.7 14.3 12.9 12.6 10.5 10.0

It is observed that an increase in the amount of scrap led to a higher filtration time
caused by an increase in the amount of settled contaminants in the filter.

The samples from the filtered inclusions were cut and metallographic analysis was
performed on the polished surfaces close to the ceramic filter where the inclusions were
located. The samples were analysed using SEM. Figure 4 shows the results of the quantifica-
tion of the microinclusions. Figure 5B–I shows an example of the EDS elemental mapping
analysis on an SEM image (Figure 5A) for the specimen produced with 80% scrap. As
similar results in terms of the inclusion type and distribution were found, only the sample
with the highest content of identified inclusions is reported here.

The elemental distribution profile obtained by the mapping (Figure 5) technique shows
that the dark inclusion compounds are rich in Mg, O and/or Al, which were identified as
magnesium oxides and spinel, and the brighter compounds are rich in Ti and V, which
were identified as additions. In addition, the presence of compounds rich in Si or Ca and
O was observed; these were identified as refractory materials, and this also revealed the
carbides were mainly compounds rich in C.

The analysis of the chemical composition of the inclusions above the filter in the tested
samples of alloy AB-43500 (Figure 5) shows that the most common component present in
the filter residue was magnesium oxides (MgO, MgAl2O4—cuboid, MgAl2O4—spinel). For
pure alloy with 0.2% Mg, the total inclusion content (TIC) was 0.01 mm2/kg, while for the
samples containing 80% and 100% scrap, the TIC was approx. 0.4 mm2/kg.
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3.2. Extrusion Alloys
3.2.1. Microstructure

The microstructure of the extrusion alloys was similar, regardless of the amount of
scrap used, showing a typical solidification structure composed of alpha grains surrounded
by low-melting-point constituents, segregated to the grain boundaries. The microstructures
observed on LM corresponding to the 100% scrap ingot are presented in Figure 6.
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Figure 6. Microstructures obtained by light microscope for the most extreme batches produced for
6063 alloy: 0% scrap (left) and 100% scrap (right).

Notably, this cursory OM investigation did not detect a significantly different amount
of inclusions. To better refine this assessment, the samples were subjected to the filtration
and analysis procedure previously described for the HPDC alloys. The results are reported
in the following section.

3.2.2. Analysis of Inclusions by Means of Prefil Footprinter

The presence of inclusions was analysed in detail using the Prefil Footprinter® in a
manner analogous to the procedure described for the HPDC alloy. Table 9 shows the results
of the experiment carried out. The amount of scrap did not significantly affect the filtering
speed for the 6063 extrusion alloy. In the case of alloy 6063, for samples with a scrap content
0 to 100%, the filtration rate was low and at a comparable level, which was about 5 g/s.

Table 9. Values obtained from the Prefil Footprinter® test of the 6063 extrusion alloy.

Samples 0%
Scrap

20%
Scrap

40%
Scrap

60%
Scrap

80%
Scrap

100%
Scrap

Weight (kg) 0.687 0.632 0.77 0.649 0.747 0.749
Duration (s) 150 150 150 150 150 150

Filtration rate (g/s) 4.6 4.2 5.1 4.3 5.0 5.0

The samples were analysed using SEM. Figure 7B–I shows an example of the EDS
elemental mapping analysis for the SEM image of Figure 7A, while the results of the
quantification of the microinclusions are shown in Figure 8.

The elemental distributions produced by the mapping technique for alloy 6063 show
areas rich in Mg, O, Ti and V (Figure 8). In addition, C-enriched areas were revealed, which
were identified as carbides.
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containing 20% scrap; (c) microstructure with identified types of inclusions in a sample containing
80% scrap; LM.
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The results of the metallographic analysis, shown in Figure 7, revealed that all the
samples (from 0 to 100% scrap) showed a higher proportion of additives (0.2–0.6 mm2/kg)
than magnesium oxides (0.006–0.17 mm2/kg). A non-major scatter of TIC in the range of 0.4–
0.5 mm2/kg was determined for the samples, except for those containing 60 and 80% scrap.
The sample containing 60% scrap was the most contaminated (TIC over 0.8 mm2/kg).
In addition to additives, a significant proportion of magnesium oxides were found in
the filtered residue of this sample. On the contrary, the lowest TIC of 0.2 mm2/kg and
trace amounts of magnesium oxides were found in the sample produced with an 80%
scrap content.

3.2.3. Compression Tests

Compression tests were carried out at two crosshead speeds of 250 mm/min and 450
mm/min, simulating the metal flow rate during extrusion. The samples were deformed up
to 60%. The results obtained from the compression tests are in Tables 10 and 11.

Table 10. Compression results with crosshead speed 250 mm/min (average of 3 samples).

Crosshead Speed 250 mm/min

Scrap
Content Rp0.2 [MPa] Rp0.5 [MPa] Rmax [MPa]

Max.
Displacement

[mm] *
Atotal [%] * Rrpmax

[MPa]
Rrmax
[MPa] Fmax [kN] *

0% scrap 23.5 ± 0.5 25.4 ± 0.3 113.2 ± 1.4 8.29 68.9 35.0 ± 0.4 35.2 ± 0.4 5.70

20% scrap 22.0 ± 0.8 23.9 ± 0.7 115.9 ± 0.4 8.39 70.6 34.1 ± 0.9 34.1 ± 1.2 5.83

40% scrap 23.3 ± 0.7 25.1 ± 0.8 118.1 ± 4.1 8.52 70.8 34.5 ± 1.6 34.5 ± 1.7 5.93

60% scrap 22.7 ± 1.4 24.5 ± 1.1 121.5 ± 1 8.49 70.6 33.9 ± 0.7 33.9 ± 0.5 6.12

80% scrap 22.2 ± 0.7 24.1 ± 0.3 121.6 ± 2 8.62 71.9 34.2 ± 0.4 34.2 ± 0.8 6.11

100% scrap 21.6 ± 2 23.6 ± 1.5 125.6 ± 2.4 8.69 72.4 34.6 ± 0.9 34.6 ± 0.9 6.29

* The standard deviation for the other results was <0.2.

Table 11. Compression results with crosshead speed 450 mm/min (average of 3 samples).

Crosshead Speed 450 mm/min

Scrap
Content Rp0.2 [MPa] Rp0.5 [MPa] Rmax [MPa]

Max.
Displacement

[mm] *
Atotal [%] * Rrpmax

[MPa]
Rrmax
[MPa] Fmax [kN] *

0% scrap 26.0 ± 0.4 28.7 ± 0.4 111.3 ± 1.6 7.97 66.4 37.4 ± 0.5 37.4 ± 18.3 5.59

20% scrap 24.2 ± 0.6 26.5 ± 0.4 111.1 ± 2.2 8.19 68.2 35.4 ± 0.2 35.4 ± 0.2 5.60

40% scrap 24.3 ± 0.9 26.7 ± 1.1 112.4 ± 2.6 8.30 69.1 34.8 ± 1.4 34.8 ± 1.4 5.65

60% scrap 25.1 ± 1.8 27.8 ± 1.9 119.3 ± 4.6 8.32 69.2 36.8 ± 1.7 36.8 ± 1.7 6.00

80% scrap 25.7 ± 2.1 28.7 ± 2.3 122.3 ± 2.6 8.41 69.9 36.8 ± 1.2 36.8 ± 1.2 6.15

100% scrap 24.6 ± 1.5 27.4 ± 1.6 120.5 ± 1.2 8.45 70.3 35.8 ± 0.7 35.8 ± 0.7 6.07

* The standard deviation for the other results was <0.6.

The hot compression tests conducted at crosshead speeds of 250 mm/min and
450 mm/min showed that none of the specimens with different scrap contents differed
significantly from the average in terms of the conventional yield strengths (Rp 0.2, Rp
0.5) and true stresses (Rrpmax, Rrmax). The compression tests conducted at crosshead
speeds of 250 mm/min and 450 mm/min showed differences in the compressive strength
(Rmax) and maximum force (Fmax) between the samples with different scrap contents. An
increase in the maximum compressive strength of approximately 10 MPa and maximum
force of approximately 0.6 kN was found for the 100% scrap sample compared to the 0%
scrap sample.
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3.3. Sheet Metal Alloys
3.3.1. Microstructure

Basic microstructural analysis was performed in order to determine if the different
amounts of recycled material affected the microstructure in a relevant way. A basic plas-
tic deformation and recrystallization procedure was followed (Section 2.4.3) to ensure
that the casting microstructure was transformed into a hot-formed microstructure more
representative of a wrought product.

The as-cast ingots (left column in Figure 9 for 6181A, Figure 10 for 5754) show a reticu-
lar structure, composed of low-melting-point phases (dark particles) surrounding bright
alpha grains, suggesting a dendritic microstructure with non-alpha phases segregated in
the grain boundaries in eutectic-like formations. This structure and phase composition is to
be expected for a cast aluminium ingot and it is found for all the scrap amounts and in both
5754 and 6181. It is worth commenting that the amount of scrap does not seem to have an
impact on the structure or presence of macro phases.

The deformed samples (right column in Figure 9 for 6181A, Figure 10 for 5754) show
how the plastic forming and recovery mechanisms have broken the as-cast structure.
Clearly elongated grains can be recognized, particularly for the cold-formed 5754 alloy.
However, the overall microstructure still presents silicon-based particles and intermetallic
(dark phases) concentrating along the alpha grain boundaries (bright). In this regard, the
proposed experiment generates a structure closer to that of a wrought product, but not
entirely equivalent to a rolled sheet, where non-alpha phases are smaller and more sparsely
distributed due to the higher amount of deformation applied.

In the light microscopy analysis of these samples, the presence of inclusions does
not appear to significantly differ for the varying percentages of scrap. While some oxides
or Fe-based phases can be occasionally found, these do not appear to follow a particular
relationship with the amount of scrap used in casting.
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Figure 10. Microstructures for 5754 alloy: extreme cases of 0 and 100% scrap as cast (left column) and
after processing by 40% hot deformation and 65% cold reduction (right column).

3.3.2. Analysis of Inclusions by Means of Prefil Footprinter

As performed for the previous cases, a detailed characterization of the inclusions was
performed through the specific filtration and analysis method described in the experimen-
tal section.

For alloy 6181A, the analysis of the filtration rate (Table 10) did not show a clear
influence of the amount of recycled material in the range of 0–80% (7.5–8.8 g/s), whereas
for the sample with the highest amount of scrap (100%), the filtration is slower (6.2 g/s).
However, this result does not seem to be related to a higher presence of inclusions in
the material.

The samples were analysed using SEM. Figure 11B–I shows an example of the EDS
elemental mapping analysis of the SEM image in Figure 11A, while the results of the
quantification of the microinclusions are shown in Figure 12.

The analyses of the elemental distribution maps of alloy 6181A show the presence of
inclusions similar to those found in alloy 6063 for extrusion. Regions rich in Mg, O, Ti and V
were found as well as numerous regions containing Ca, Si and C with Ca or Al compounds.

The highest levels of inclusions were found in both the pure alloy and the 100% alloy.
High levels of magnesium oxide, additions, refractories, carbides and oxide films were
found in the samples tested. The presence of magnesium oxides determined the high level
of inclusions in the pure 6181A alloy.

In the case of alloy 5754, the analysis of the filtration rates (Table 11) did not show
a clear influence of the recycling amount, with all the filtration rates values being very
similar, at around 8 g/s.

The samples were analysed using SEM. Figure 13B–I shows an example of the EDS
elemental mapping analysis of the SEM image in Figure 13A, while the results of the
quantification of the microinclusions are shown in Figure 14.
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quantification of oxides; (b) identification of refractory inclusions, carbides and additions in a 40%
scrap sample; (c) magnesium oxides (thin and layer-like) in 80% scrap sample.
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Figure 13. Microstructure (A) and energy-dispersive X-ray spectroscopy (EDS) maps (B–I) of distri-
bution of elements: Al, Si, Mg, O, Ti, V, C, Ca; SEM of the 5754 alloy with 60% scrap content.
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Figure 14. Analysis of inclusions in 5754 variants: (a) summary of identified inclusions and quan-
tification of oxides; (b) identification of refractory inclusions, carbides and additions in a 40% scrap
sample; (c) high presence of magnesium oxides and oxide films in 100% scrap sample.
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The detailed analysis shows a very high inclusion content for this material, which
further increases with the content of recycled material, together with the presence of
oxide films.

The chemical composition of the inclusions filtered in the 5457 alloy samples shows
that the largest component of them was magnesium oxides, which correlates with the
high magnesium content in the alloy (about 3% by weight). For the pure alloy, the TIC
was 0.761 mm2/kg. For the sample containing 100% scrap, the TIC was approximately
1.5 mm2/kg, which is the highest amount obtained for all the samples analysed. In addition,
an increasing amount of refractory material was found as the scrap content increased.
Additives were observed at similar levels in all the samples of 5754 alloy analysed.

3.3.3. Hardness

In order to obtain a first assessment about the effect of recycling on the service prop-
erties of the sheet metal, hardness measurements were performed on these samples. This
test could be performed with the small amount of material available, and offers a good
correlation with the tensile properties. Tables 12 and 13 summarize the values obtained for
6181A and 5754; the % reduction applied during thermomechanical forming (as described
in Section 2.4.3) is also reported, as well as the heat treatment cycle when applicable.

Table 12. Values obtained from the Prefil Footprinter® test in 6181A variants.

Samples 0%
Scrap

20%
Scrap

40%
Scrap

60%
Scrap

80%
Scrap

100%
Scrap

Weight (kg) 1.127 1.287 1.323 1.247 1.273 0.934
Duration (s) 150 150 150 150 150 150

Filtration rate (g/s) 7.5 8.6 8.8 8.3 8.5 6.2

Table 13. Values obtained from the Prefil Footprinter® test in 5754 variants.

Samples 0%
Scrap

20%
Scrap

40%
Scrap

60%
Scrap

80%
Scrap

100%
Scrap

Weight (kg) 1.115 1.272 1.236 1.217 1.232 1.278
Duration (s) 150 150 150 150 150 150

Filtration rate (g/s) 7.4 8.5 8.2 8.1 8.2 8.5

In terms of the mechanical properties, in both cases, the effect of recycling is not
apparent. For 6181A alloys (Table 14), virtually the same hardness level is attained in the
three studied conditions.

Table 14. Hardness values measured on 6181A-based samples.

Hot-Formed Aged

Scrap Level % Reduction HV1 Treatment HV1

0% 42% 66 ± 2 1 h 200 ◦C 86 ± 3
40% 35% 67 ± 3 1 h 200 ◦C 84 ± 3

100% 44% 67 ± 3 1 h 200 ◦C 82 ± 3

For 5754 (Table 15), the initial hardness differs between the three hot-formed samples;
however, this is believed to be related to the different degree of effective reduction attained
in each case. However, for the annealed and cold-formed samples, an equivalent hardness
is reached (95 HV) regardless of the recycling amount. This is a noteworthy result, as the
chemical composition in this case differed notably in terms of silicon and magnesium: 0.1%
Si and 2.8% Mg for the 0% scrap samples, and 0.4% Si and 2.4% Mg for the 100% scrap
samples. However, in all the cases, a level of hardness compatible with work-hardened
5754 is obtained.
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Table 15. Hardness values measured on 5754-based samples.

Hot-Formed Cold-Worked

Scrap Level % Reduction HV1 % Reduction HV1

0% 35% 71 ± 3 66% 94 ± 3
40% 35% 71 ± 3 67% 94 ± 3

100% 42% 85 ± 3 64% 95 ± 3

4. Discussion

In this study, the following series of alloys was tested in the processes used: AB-43500
alloy for HPDC metals, 6063 for extrusion metals and 6181A and 5754 for stamping metals
with different levels of scrap. The effects that the inclusion level had on the microstructure
and relevant properties for the alloy processability (flowability, compression tests at high
temperature and ability to recrystallize, respectively) were also investigated.

The effect of increasing the scrap content on the properties of the alloys studied was
comparable. In general, an increase in various types of inclusion with increasing scrap
content was found. Large differences between the AB-43500 casting alloy and the wrought
alloys were found in the rates of liquid metal flow through the Prefil Footprinter® filter
(Figures 5 and 10). This appears to be related to the flowability of the alloys. Casting alloys,
especially for HPDC casting, are characterised by a very good flowability [25,26], which
is also confirmed by the tests carried out in this study (Table 8). It can also be concluded
that an increasing amount of scrap leads to a decrease in the flowability. However, the
general microstructural analysis of the specimens did not reveal the presence of new
phases or large foreign particles that could be observed with the light microscope, neither
for HPDC (Figure 3) nor the other processing routes investigated in the present work
(Figures 6, 11 and 12), even if these differences were detected in the more sensitive and
detailed Prefil Footprinter® analysis, particularly in the case of HPDC. This suggests that
the main difference is due to the presence of small non-metallic particles, such as oxides,
present in the scrap or generated by the oxidation produced during the melting process due
to the reactions of residues adhered to the scrap surface. Even though this small amount
of contamination does not translate into microstructural changes, it does highly affect the
alloy’s flowability (Table 7). Therefore, even if the composition and microstructure are
unaffected, it is observed that a specific pretreatment of the scrap, before melting, and/or a
subsequent melt treatment will be required in order to avoid and/or remove the inclusions
formed and yield a good-quality material.

Typical oxides in the film and cuboid particles formed were identified with different
compositions. The metallographic examination of the filter for the AB-43500 alloy showed
that the magnesium oxide content and refractory materials, which included Al2O3 and
CaO, increased with the amount of scrap. According to studies [6,12,26], these are typical
inclusions for this type of alloy due to the Mg content. The magnesium content increased
with the addition of scrap. In the pure AB-43500 alloy, it was 0.18 wt.%, while in the
same alloy cast from 100% scrap, it was 0.25 wt.%. Regarding the oxides in the refractory
materials, they can enter the melt through the abrasion of the furnace and channel lining,
and are usually silicates or other complex oxides, which may also contain Na, K and
Ca [7,15]. In addition to the prevalent oxides, (Ti, V)B2 inclusions also were observed.
Especially in the case of the 6063 and 6181A alloys, which are intended for extrusion and
plastic stamping, despite the higher Mg content in the structure, additives, i.e., (Ti, V)B2
agglomerations, were present above the filter in a significant quantity. Their presence
is confirmed by studies carried out by other researchers [9]. In both our own research
(Figure 10) and that of others [6,27], borides have been found to inhibit the flow of liquid
metal through the Prefil Footprinter® filter. According to the authors of Yang et al. [28], the
reduction in efficiency is due to the strong adherence of TiB2 particles to oxide films in the
filter. The adherence and agglomeration of heavy grain refiner particles onto oxide films
counter the gravitation number of oxide films, making them difficult to be filtrated [28].
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This can also lead to the inhibition of the filtration process during alloy casting. TiB2
inclusions are hard and have adverse effects on extrusion and machining tools [6].

This can be confirmed by a slight increase in the strength values obtained during
the compression tests (Tables 10 and 11) as the scrap content of the 6063 alloy increases.
According to reference [29], TiB2 particles could tend to agglomerate, which could lead to
the formation of thick oxides. This is related to the presence of a superficial aluminide layer
in Al-Ti-B. Therefore, it is necessary to check the chemical composition with regard to the
Ti and B content before the casting process to overcome particle agglomeration problems.
In addition, the 6181A alloy contained MgO due to its even higher Mg content.

In the 5754 and 6181A alloys, high levels of inclusions such as magnesium and alu-
minium oxides and additives were found after the addition of 100% scrap. This is par-
ticularly true for 5754. In Al-Mg alloys, the tendency to oxidize increases rapidly with
increasing Mg content [13,14]. The results obtained during the analysis (Figure 13) are
consistent considering the high magnesium content of this alloy, as can be observed in the
chemical analysis of the ingots presented in Table 8, where the Mg level decreased when
the scrap level was increased. It is likely that some of the added Mg, as well as the alloying
elements already present in the melt, were lost to the slag during melting experiments.

In addition, the presence of carbides was revealed (Figures 13 and 14). According to
reference [7], melting scraps with organic contaminations can lead to an increased amount
of carbide formation. During the smelting process, organic compounds can react with
aluminium and other elements. These reactions can lead to the formation of carbides in
the alloy. The recycling-friendly coating removal practices proposed by the authors of [30],
which involve the thermal treatment (pyrolysis) of scrap before it is smelted, may avoid
this problem.

Studies related to the thermomechanical treatment of alloys for the stamping process
did not reveal any effect of the scrap content on properties, despite the variations in chemical
composition. Alloy 5754 showed strengthening due to cold work, reaching about 95 HV1
hardness for the three compositions compared despite the decreasing Mg content. Similarly,
6181A showed a similar level of age hardening after a treatment cycle. As hardness strongly
correlates with tensile properties, this study shows that the intensive use of scrap will not
adversely affect the alloy properties, as long as the chemical composition is kept within
reasonable ranges.

This observation is consistent with the results of reference [12]: in that work, the
increased recycling content of alloy 6181 did not result in the modification of monotonic
mechanical properties. However, increased recycling did result in a loss of FLD formability,
a parameter that could not be studied in the present work due to the material not being
available in sheet metal format.

5. Conclusions

It is possible to obtain high-quality aluminium alloys within the range defined in
standards with a high proportion of selected scrap, close to 100%, and the addition of
required elements. The overall microstructural analysis did not reveal the presence of new
phases or large foreign particles in the samples, indicating the stability of the microstructure
of the alloys tested.

• Using careful scrap selection, it was possible to produce high-quality recycled alu-
minium alloys. However, unwanted elements were introduced in the cases where the
scrap selection was not excellent. This reinforces scrap selection as a major area of
research into the circular economy related to structural metals.

• The results obtained show that recycling is possible, but it may lead to an increment in
oxides and other inclusions. In order to avoid this effect, it is necessary to define a good
pretreatment for the scrap before melting and/or a melt treatment of the molten metal.

• For alloys with a high Mg content, the oxidation of magnesium caused a reduction in
its content in the final sample composition, as well as the presence of oxide MgO inclu-
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sions. Therefore, even in recycling-intensive material production, some magnesium
will need to be added in addition to the element contained in the sourced scrap.

• The detailed Prefil Footprinter® analysis revealed significant differences in the content
and nature of the inclusions in the aluminium alloys, mainly oxides, additives and
carbides, which are important for the HDCP, extrusion and stamping processes.

• Although the observed differences in the non-metallic particle content do not affect
the microstructural changes, they do have a significant effect on the melt flowability,
which is critical for HDCP processes. For AB-43500 alloy intended for casting, an
increase in the scrap content results in an increase in the magnesium oxide content,
which reduces the castability of the alloy.

• The 6063 alloys intended for extrusion were characterised by a high level of additives,
the proportion of which was independent of the amount of scrap used.

• The sheet metal alloys 6181A and 5754 showed no modification in terms of the mono-
tonic mechanical properties due to recycling. However, differences were observed in
terms of the inclusions. Alloy 6181A, similar to 6063, shows no change in the inclusion
content when the scrap content is increased, whereas in alloy 5754, an increase in the
scrap content results in an increase in the amount of magnesium oxides.
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