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Abstract: In addition to impurities in recycled aluminum alloys, non-metallic inclusions are a
significant factor that deteriorates the material’s castability and final mechanical properties. This,
therefore, restricts the ability to transition from a primary to secondary aluminum alloy. In this
study, the cleanliness of the recycled A357 alloy was evaluated through non-metallic inclusions’
characterization, hydrogen content measurement, fluidity test, and casting defects identification.
The non-metallic inclusions generated during the recycling process of A357 alloy were collected by
the pressurized melt filtration technique. All of the inclusion types collected during filtration were
examined and identified by analytical scanning electron microscopy (SEM). Extra additions of up to
2 wt.% swarf in these secondary A357 alloys were designed to simulate highly contaminated alloys.
Different to the conventional melt cleaning technologies that mainly focus on complete removal of
inclusions, this study developed a novel approach that combines the removal of easily removeable
inclusions while preserving well-dispersed inclusions that do not adversely affect the mechanical
properties. This study demonstrates that high shear melt conditioning (HSMC) technology can
achieve well-dispersed small non-metallic inclusions, low hydrogen content, improved fluidity, and
fewer casting defects. As a result, the melt quality of the recycled A357 alloys has achieved a quality
comparable to that of primary A357 alloy.

Keywords: recycled A357 alloy; non-metallic inclusions; high shear melt conditioning (HSMC);
material castability; mechanical properties

1. Introduction

Aluminum alloys are extensively used in transportation industries because of their
advantageous properties of high specific strength, light weight, corrosion resistance, recy-
clability, and formability, which give them potential in net zero strategies [1]. However,
the production of aluminum alloys implies the emission of a high amount of CO2, which
does not align with the sustainability goals of today and the future. On the other hand, as
usage increases, issues such as insufficient production of primary aluminum alloy and the
accumulation of waste alloys will gradually emerge [2]. Moreover, re-melting of aluminum
scrap only requires 5% of the energy needed to produce primary aluminum, and the energy
consumed by recycling aluminum is also less than required for primary production; this
significantly conserves raw materials such as carbon and alumina [3]. Thus, responsible
recycling and reutilization of material in every sector, such as waste electronic devices,
scrapped cars, retired aircraft, and discarded construction equipment, are important for
economic and environmental purposes to achieve fundamental sustainability [4].

The challenges in recycling aluminum alloys mainly include impurities and non-
metallic inclusions (NMIs). Impurity is one of the biggest issues, particularly for wrought
aluminum alloys, which have smaller composition specifications. The major concern with
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using secondary Al alloys is the tolerance levels for the various elements that can be present
without significantly deteriorating the casting performance [5,6]. The list of problematic
impurities is quite long, including but not limited to Si, Mg, Ni, Zn, Pb, Cr, Fe, Cu, V, and
Mn [7,8]. By far, the most common method to reduce the contents of impurities, such as
iron, silicon, and copper, is to add primary aluminum or aluminum alloy into re-melted
recycled alloys [9]. However, the high carbon footprint and costs associated with traditional
recycling processes remain significant challenges.

NMIs are the second biggest challenge in recycling aluminum alloys. They originate
from various sources, including oxidation, excessive addition of grain refiners, alloying,
and impurities in aluminum scrap. Al2O3, MgO, MgAl2O4, SiO2, FeO, Fe2O3, carbides,
such as Al4C3 and graphite carbon, and various halides are typical NMIs closely associated
with casting defects, such as porosity, hot tearing, and cracking. During the melting process,
NMIs can accumulate and adversely affect the overall quality of the recycled alloy. The
presence of NMIs can lead to casting defects and compromised performances by the sec-
ondary aluminum alloys, including reduced strength, fluidity, ductility, machinability, and
corrosion resistance [10]. This restricts the ability to transition from primary to secondary
aluminum alloys. Thus, addressing the abovementioned challenges is crucial for improving
the reliability of the recycled aluminum alloys.

The current predominant recycling process begins with the sorting of aluminum scrap
for re-melting to produce secondary ingots. The alloy’s composition is then carefully
controlled to meet standardized grades, followed by thorough cleaning and purification
to achieve the desired alloy composition for subsequent processing or fabrication [11]. It
is well known that the inevitable oxidation of aluminum and its alloys during casting
introduces oxide defects that deteriorate the integrity and mechanical properties of the
ingots [12,13]. The filming nature of the oxides leads to the formation of re-entrapped bi-
films that act as metallurgical defects detrimental to the casting performance [10]. Cleaning
the harmful oxides before casting has been one of the most critical procedures in the
aluminum foundry industry over the past few decades. In general, detrimental oxides
can be partially removed through conventional melt treatments prior to solidification,
such as fluxing, degassing (flotation), sedimentation, and filtering [10,14]. Most existing
technologies were developed with a focus on complete removal. Therefore, time and
efficiency have become the biggest challenges for these conventional methods. This study
aims to develop a novel approach that does not remove all inclusions but converts them
into a highly dispersed state to minimize their detrimental effects.

High shear melt conditioning (HSMC) is a technology patented by BCAST, Brunel Uni-
versity of London [15]. This technology has been proven in its R&D stage to have significant
results with multiple benefits in reducing hydrogen content, reducing the density index (DI),
refining the grain size, reducing the number of casting defects, and improving the mechan-
ical properties without the addition of chemical grain refiners or alloying elements [15–17].
In this study, HSMC was employed to address the challenges in aluminum recycling.

2. Experimental
2.1. Materials Preparation and Experimental Setup

In this work, 100% recycled A357 ingots, supplied by commercial manufacturers, were
used as raw materials for characterizing non-metallic inclusions. The recycled A357 alloy in
this research was purely from post-production materials, such as the cutoff from castings of
products not going to market. For each experiment, 10 kg recycled A357 ingots were melted
in clay–graphite crucibles using the electric resistance furnace and held for approximately
2 h at 750 ◦C for homogenization with sufficient stirring. The conventional melt treatment
applied in this study is degassing treatment by using a rotary degassing impeller at a speed
of 350 rpm for 10 min by injecting pure argon gas at 8 L per minute. Then, 0.15 wt% of
Al-5Ti-1B grain refiner and 0.2 wt% of Al-10 wt% Sr master alloy was added to the melt for
grain refinement and eutectic Si modification purposes. During the degassing, the melt was
covered by a commercial granular flux (FOSECO Coveral GR 2410, Tamworth, England).
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The achieve high shear melt conditioning (HSMC) technology was applied to compared
with the conventional melt treatment by conducting the intensive melt shearing using a
rotor-stator high-shear device prior to casting. During the HSMC, the rotor rotation speed
was fixed at 3000 rpm for a predetermined period of time after immersing in the melt. This
technique provided both dispersive mixing at the rotor/stator gap and distributive mixing
of the dispersed particles in the melt.

After the melt treatment, the recycled A357 melt was poured into a standard mush-
room sample (ø60 × 10 mm) for chemical composition analysis and verification by optical
emission spectroscopy (OES). A 3 mm thick as-cast plate was achieved from the mushroom
sample which casted in a steel mold, followed by the gridding on 400-grit sandpaper for
OES test. The chemical compositions of the primary and recycled A357 alloys were deter-
mined and are summarized in Table 1. The reference alloy, A(ref), represents the primary
A357 alloy after conventional melt treatment. The Alloy A0 represents the recycled A357
alloy without melt treatment, whereas A1 is the recycled A357 alloy with conventional melt
treatment. Alloy A2 includes 2% swarf added after the conventional melt treatment, and
alloys A3 and A4 are the same set of materials processed with the HSMC and conventional
melt treatments.

Table 1. Elemental compositions of the recycled A357 alloys (wt%).

Alloys Cu Mg Si Fe Mn Ni Zn Pb Sn Ti Sr Be Al

A(ref) 0.004 0.67 6.54 0.02 0.000 0.000 0.000 0.000 0.000 0.102 0.020 0.000 Bal.

A0 0.008 0.68 6.59 0.05 0.005 0.002 0.004 0.000 0.003 0.148 0.012 0.000 Bal.

A1 0.007 0.64 6.60 0.05 0.004 0.003 0.004 0.000 0.003 0.138 0.014 0.000 Bal.

A2 0.007 0.67 6.62 0.05 0.004 0.003 0.004 0.000 0.003 0.138 0.017 0.000 Bal.

A3 0.007 0.63 6.56 0.05 0.004 0.002 0.004 0.000 0.003 0.140 0.022 0.000 Bal.

A4 0.007 0.65 6.63 0.05 0.004 0.002 0.004 0.000 0.003 0.138 0.019 0.000 Bal.

A pressurized melt filtration technique was utilized to collect and facilitate the direct
examination of the inclusions in the recycled A357 melts. A total of 2 kg from each 10 kg
melt in each trial was transferred to a preheated filtration crucible equipped with a ceramic
filter with an average pore size of 90 µm at the bottom of the unit. Argon gas was introduced
at a pressure of 4 PSI to force the liquid melt through the filter and isolate the melt from air.
As a result, the inclusions gradually accumulated above the filter.

2.2. Characterization of Non-Metallic Inclusions

To determine the characteristics of the concentrated NMIs, filtration samples were sec-
tioned perpendicular to the filter. The NMIs collected in each sample were then examined
using a Carl Zeiss Crossbeam 340 scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray spectrometer (EDS). To quantify the sizes and size distribution of
the inclusion particles, comparable images of the same area of inclusions were selected for
each set of melt conditions. The sampling was conducted by counting and measuring the
size of each individual particle or film in the same imaging area to ensure the accuracy for
comparison. The sizes of the inclusion particles were measured directly from SEM images
using the image-processing software Fiji Image J.

2.3. Material Properties and Melt Quality Characterization

The hydrogen concentrations in the melts were measured directly using a FOSECO
ALSPEK-H probe. The probe was immersed at a depth of between 150 and 200 mm inside
the melt. The readings were given in units of mL/100 g with real-time data. A reduced
pressure test (RPT) was also conducted to measure the density index (DI) value, which
roughly represents the gas content and inclusion levels. This method involves solidifying
the melt into two conical steel cups, one in air (atmospheric pressure) and the other under
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partial vacuum (80 mbar). With the intention of testing the fluidity of the recycled alloys, the
melt was poured at 720 ◦C into an ASTM standard spiral flow fluidity test mold, which was
preheated at 400 ◦C. Three fluidity tests and three density tests were conducted for each melt
condition to provide accurate average values of spiral flow length and porosity percentage,
respectively. A standard K-mold for the fracture test was used to check for macro defects.
Liquid metal was cast into a mold featuring notches. Once solidified, the resulting bar was
bent to expose a fractured surface. Five samples were cast for each melt condition. A visual
observation of the inclusions on the fracture was used to determine a K-value for the melt
quality and compared to a pre-set standard. However, this method is rather imprecise and,
therefore, only suitable for detecting large inclusions and inclusion clusters.

3. Results
3.1. Identification of the Predominant Inclusions in the Primary A357 Alloys

To compare the cleanliness of the melts between the primary and recycled A357 alloys,
the inclusions in the primary A357 alloy after melt filtration were firstly characterized as
the reference. After conventional melt treatment, the number density of the inclusions was
small, as shown in Figure 1a. According to the SEM-EDS analysis, the inclusions collected
from the melt were identified as mainly native oxides, which existed as either individual
particles or continuous films. The TiB2 particles, which were added in the form of grain
refiner during the melt treatment, were identified as the other inclusions in the filtration
sample (Figure 1b). These particles were well distributed in the melt, with the size of one
hundred nanometers. Another type of inclusion found in the melt was primarily young
oxide bi-films [18], which mainly consisted of individual MgAl2O4 particles within the Al
matrix (Figure 1c,d).
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3.2. Identification of the Predominant Inclusions in the Recycled A357 Alloys

Contrary to the primary A357 melt, the inclusions observed in the previously recycled
melts were hardly removed by the conventional melt treatment. As shown in Figure 2, the
inclusions filtered from the recycled A357 alloys had a dramatically large number density,
with a more than 1500 µm inclusion band width. Additionally, the inclusions were often
found in the continuous form, which can lead to large defects that are extremely detrimental
to the properties of the cast samples.
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Figure 2. Inclusions in the recycled A357 alloys (A0) collected with the pressurized melt filtration
showing: (a) the wide inclusion band; (b) inclusions in the continuous form; (c) inclusions with a
large number density.

Oxide films, which are composed of discrete oxide particles on the nanometer scale,
were the major constituents of inclusions found in the recycled A357 alloys. As shown in
Figure 2b,c, both young and old films were extensively collected in the filtered samples.
The young films were flexible liquid films, identified as oxidation on the freshly exposed
melt surface for a short period of time during the melt’s preparation and handling. A
representative young oxide film in the recycled A357 alloy is shown in the SEM image
(Figure 3a). Detailed observations reveal that this film is in the discontinuous form and
composed of MgAl2O4 particles with a broad size range, as detected by the SEM-EDS.
Among these, the octahedron can be recognized as the common two-dimensional (2D)
morphology for the constituent MgAl2O4 particles. A typical old film, measuring a few
microns in thickness and extending up to hundreds of microns in length, is identified as
MgAl2O4, as shown in Figure 3b. The old oxide film is found to be relatively stiff as a result
of the long-term oxidation of the melt surface compared to the young films. The coarse
oxide particles form a relatively dense skull on one surface, which can easily develop into
continuous films that undergo oxidation due to the supply of oxygen during recycling.
Moreover, bi-films, which are increasingly recognized as a source of metallurgical defects,
were also extensively found in the recycled A357 alloys. These films are known to fold over
and submerge in the bulk liquid with a volume of air entrapped within it. Either Al2O3
or MgAl2O4 particles were identified via SEM-EDS on each side of the film, as shown
in Figure 3c. In addition, discontinuous young oxide films consisting of Al2O3 particles
exhibiting the morphology of platelets were also found, as shown in Figure 3d. However,
the number density was relatively small compared to that of MgAl2O4.

In addition to the major oxide inclusions, nitride inclusions and carbide inclusions,
which are rarely found in primary aluminum alloys, were extensively observed in the
recycled A357 alloys. However, the number density was still relatively small compared to
that of the oxides. Figure 4a,b show micrographs of the typical nitride and carbide particles
detected in the filtrated sample. Most of the aluminum nitride inclusion particles exhibited
short rod-like morphologies in 2D cross-sections, detected as AlN by SEM-EDS. Aluminum
carbide inclusion particles were detected as Al4C3 in the filtration sample. These carbide
inclusion particles exhibited hexagonal or grey disc morphologies, and typically were
found as isolated clusters or with oxide and boride particles.
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and Al4C3 particles; (c) TiB2; (d) a few primary Ti-rich IMCs; (e–h) chemical compositions of the
identified inclusions.
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TiB2 particles, with an extremely large number density, as shown in Figure 4c, represent
another major inclusion type identified in the recycled A357 alloys. These TiB2 particles
were extensively found at the grain boundary in the filtration samples. Large Ti-rich
intermetallic compounds (IMCs) with sizes ranging from a few tens of microns to one
hundred microns were also observed in the recycled A357 alloys. These coarser Ti-rich
IMCs, typically nucleated by an oxide inclusion containing various impure elements, as
shown in Figure 4d, can easily cause fractures and are detrimental to the mechanical
properties. However, the number density of these IMCs was extremely small compared
to that of other inclusions. Thus, they were not considered an important factor in the
deterioration of the mechanical properties of the recycled A357 alloys.

3.3. Characterization of Inclusions in the Recycled A357 Alloys under Different Melt Conditions

Characterization of the inclusions in the recycled A357 alloys under different melt
conditions was conducted on the filtration samples, as shown in Figures 5–9. The results
in Figure 5 show that the inclusion band width of the recycled A357 alloy was 636.84 µm,
while it increased to 1267.43 µm after the addition of 2% swarf. However, after the HSMC,
the values dropped to 343.80 µm and 514.55 µm for the non-addition sample and 2% swarf
addition, respectively. This indicates that the total number of inclusions increased after the
addition of 2% swarf, while it significantly decreased after the HSMC. Further examinations
of the types and morphologies of the inclusions were conducted for each condition. For the
recycled A357 alloy after the conventional melt treatment, the inclusions mainly consisted
of agglomerated oxide films/particles and TiB2 particles, as shown in Figure 6. It can
also be seen that AlN and Al4C3 particles were still present, especially within the oxide
films, along with a small number of IMCs, such as Ti-rich IMCs and Fe-rich IMCs. Similar
to the recycled A357 alloy, the inclusions in the melt with the 2% swarf addition mainly
consisted of oxides and TiB2, along with a few nitrides, carbides, and IMCs. Moreover, the
young films consisted of individual oxide particles, and more nitride and carbide particles
were significantly observed after the swarf additions, as shown in Figure 7. This is due
to the re-melting of the swarf, which introduces more fresh oxides from the melt surface.
Additionally, the burning of the swarf results in chemical reactions that form nitride and
carbide particles, which become entrapped in the melt as harmful inclusions.

In terms of the effects of the HSMC, the SEM micrographs show that the inclusion parti-
cles become more discrete, with significant reductions in size and number density. The TiB2
particles, which were concentrated in the grain boundaries, have been de-agglomerated
with a much better distribution. The old inclusion films were rarely observed, and inclu-
sion particles in the form of continuous films were significantly reduced after the HSMC.
This is attributed to the intensive melt shearing effectively breaking up the entrapped
inclusions and films, which remain as existing inclusions but in a highly dispersed state.
This enables the possibility of more inclusions being removed during the following de-
gassing treatment. On the other hand, even the inclusions that were collected during the
filtration may gather again, and the morphologies of the identified inclusions, as shown in
Figures 8 and 9, still demonstrated that the HSMC further promotes the dispersity of the
inclusions. However, the types of inclusions in the recycled A357 alloys had no differences
before (Figures 6 and 7) and after the HSMC (Figures 8 and 9).
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Figure 5. SEM micrographs showing the inclusion band width as a reflection of the number density
of the inclusions in the recycled A357 alloy under different melt conditions: (a) primary A357
after conventional melt treatment (A(ref)); (b) recycled A357 after conventional melt treatment
(A1); (c) recycled A357+2% swarf after conventional melt treatment (A2); (d) recycled A357 after
conventional melt treatment and HSMC (A3); (e) recycled A357+2% swarf after conventional melt
treatment and HSMC (A4).

3.4. Variations in the Size and Number Density of Inclusions in the Recycled A357 Alloys

To quantify the sizes of the inclusions, particles of each identified inclusion under
different melt conditions were measured individually. The results provided in Table 2
show the average sizes of the inclusion particles in the recycled A357 alloys, as well as the
differences in the geometric mean diameter and standard deviation. As can be observed
from the results, TiB2, as one of the most dominant inclusions in the recycled A357 alloys,
had similar mean sizes and standard deviations under all melt conditions. Without the
HSMC (A1 and A2), the mean sizes of the AlN particles were measured to be 867 nm
and 771 nm in the recycled A357 alloy and recycled A357 alloy plus 2% swarf addition,
respectively, which are both slightly larger than that of the AlN particles, which were
879 nm and 765 nm in both alloys after applying the HSMC (A3 and A4). This suggests
that the addition of swarf introduced fresher AlN particles with smaller sizes, which were
sufficient in quantity to influence the mean sizes of the AlN particles in the melt. In
addition, the dispersion by HSMC had no effects on the size and size distribution of the
AlN particles. Similar to the results for the nitride particles, the swarf addition had the
same effects on the Al4C3 particles found in the melts. The sizes of the Al4C3 particles
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slightly decreased from 2009 nm and 1927 nm in melts A1 and A3 to 1522 nm and 1579 nm
in melts A2 and A4 after the addition of 2% swarf. Marginally, the size and distribution of
the oxides were significantly different after the various melt treatments. After adding 2%
swarf, it was observed that the geometric mean of the particle sizes of the oxide particles
slightly decreased from 580 nm to 481 nm for the non-HSMC samples and from 337 nm to
317 nm for the HSMC samples. This can be attributed to the swarf introducing fresh oxides,
primarily in the form of γ-Al2O3, which have small particle sizes and insufficient time to
grow in the melt. However, the oxides were still dominated by old MgAl2O4 particles
with relative larger particle sizes. Moreover, the size of the oxide particles after the HSMC
was dramatically smaller (337 nm and 317 nm) than those of the non-HSMC (580 nm and
481 nm) samples. This is due to the dispersive power of HSMC, which eliminated the
uneven size distribution by breaking the larger oxide films into smaller individual particles,
leading to well-dispersed oxides with a narrow size distribution but smaller particle sizes.
The values of the standard deviation for all melts were consistent. Furthermore, the lengths
of the oxide films were found to be larger after the swarf addition due to the existence
of young, continuous films. The average length increased from 39 µm to 60 µm upon
addition of 2% swarf to the recycled A357 melt. However, the dispersity promoted by the
HSMC treatment helped to break up the continuous oxide films, allowing them to be well
dispersed in the melt. Figures 8 and 9 show that the continuous oxide films disappeared
after the HSMC, replaced by the discontinuous pieces with discrete oxide particles.
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Figure 9. Identification of the inclusions in the filtration sample of the recycled A357 alloy with 2%
swarf added after the HSMC (A4). (a) well dispersed TiB2 and Ti-rich IMCs with smaller number
density; (b) dispersed old oxide films with smaller size; (c) MgAl2O4 in oxide films; (d) old and fresh
AlN and Al4C3 particles with large number density.

Table 2. Inclusion sizes in the recycled A357 alloys under various melt conditions.

TiB2 (nm) AlN (nm) Al4C3 (nm) Oxide (nm) Oxide Film (µm)

A1 986 ± 188 867 ± 223 2009 ± 398 580 ± 163 39 ± 11
A2 949 ± 158 771 ± 202 1522 ± 471 481 ± 134 60 ± 22
A3 987 ± 176 879 ± 213 1927 ± 411 337 ± 121 17 ± 3
A4 949 ± 158 765 ± 177 1579 ± 429 317 ± 101 20 ± 9

In terms of the number density of the inclusions in the recycled A357 alloy, it was
difficult to identify the inclusions in the cast sample. On the other hand, the inclusions
collected via pressurized filtration were concentrated again, which is also not conducive to
an analysis of the number density. Thus, the inclusion band width, as a reflection of the
total number of inclusions in the filtration sample, was applied to represent the number
density. Figure 5a–e show micrographs of the inclusion band width of the filtration samples
for the primary and recycled A357 alloys before/after 2% swarf addition with and without
HSMC, respectively. Compared with the inclusion band width of the primary A357 alloy, as
shown in Figure 5a, the recycled A357 alloy consistently exhibited a much higher number
density of inclusions. The value of the inclusion band width increased after adding 2%
swarf, indicating that the swarf addition introduced more fresh inclusions into the melt
concentrate and which were retained by the filter. As a result, the number density of
the inclusions significantly increased. Compared with the non-HSMC samples, the melts
after HSMC had relatively smaller band widths. The HSMC contributed to the dispersity
and further removal of the inclusion particles and films, resulting in a reduction in the
inclusion number density of both melts with/without additional swarf. As a result, the
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combination of the conventional melt cleaning processes with HSMC technology is an
effective method for achieving well-dispersed oxide inclusions within a melt, without
removing all inclusions but converting them into a highly dispersed state to minimize their
detrimental effects, as shown in Figures 8 and 9.

3.5. Effects of Inclusions on the Melt Quality and Material Properties of the Recycled A357 Alloys

To further investigate the effect of the inclusions on the melt quality and material
properties, the melt filtration curves, melt hydrogen content and density index, melt fluidity,
and the fracture behavior of the recycled A357 alloy were further examined.

The filtration curves of the recycled A357 alloys with/without 2% swarf addition for
both the HSMC and non-HSMC samples are shown in Figure 10. As the inclusions in
the melt gradually become blocked and accumulated above the filter, the completion of
the pressurized filtration was set to either a filtration time of 150 s or a filtration weight
of 1.4 kg. The filtration curves show that the total weights of the melts filtered out after
2 wt.% swarf additions were much smaller than those without any addition for both
samples with/without HSMC. This indicates that after the conventional melt treatment,
the melt with 2% swarf addition had a higher presence of inclusions, which concentrated
and blocked the filter in the early stage. Moreover, the total melt filtration weight for the
non-HSMC samples was smaller than those with HSMC. This means that HSMC is effective
in delaying filter blockage, allowing more melt to pass through the filter. This further
confirms the previously mentioned results regarding the total inclusion amount, as shown
in Figure 5.
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Figure 10. Melt filtration curves of the A357 alloys under different melt conditions.

Figure 11 displays the hydrogen content and density index of the recycled A357 alloy
under various melt conditions and treatments. All melts began with a comparable initial
hydrogen content, which was relatively high. Both conventional melt treatment and HSMC
combined with conventional melt treatment were found effective in removing hydrogen
from the melts, whether or not swarf was added, achieving a similar equilibrium value of
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0.20 mL/100 g. The results from the density index evaluation also showed no difference for
all melt conditions (DI around 0.6%). This confirms that swarf additions will not affect the
H content and DI value after the melt treatment. On the other hand, HSMC, as an addition
melt treatment process conducted before conventional rotary degassing, did not affect the
final hydrogen content and DI value. Therefore, these two values were influenced solely by
the conventional degassing process.
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The effects of the additional swarf and HSMC on the melt fluidity evolution of the
recycled A357 alloy are shown in Figure 12. It can be observed that with swarf additions,
the melt fluidity decreased from 875 mm to 838 mm, attributed to the significant increase
in the amount of inclusions, as illustrated in Section 3.3 (Figures 6–9). HSMC, as an
effective method for dispersing existing inclusions and aiding their removal from the melt,
contributed to an increase in the melt fluidity, rising from 875 mm to 905 mm for the non-
addition condition and from 838 mm to 863 mm for the melt with 2% swarf addition. From
the results, HSMC was found to restore the fluidity of the melt with 2% swarf addition
to levels similar to those observed previously. This demonstrates the potential to achieve
equivalent melt qualities from recycled aluminum alloys comparable to primary aluminum
alloys by applying HSMC technology.

Crystals 2024, 14, x FOR PEER REVIEW 19 of 24 
 

 

 
Figure 12. The effects of inclusions on the melt fluidity of the recycled A357 alloy before and after 
the melt treatment. 

The melt cleanliness was further examined and quantified via the K-mold fracture 
test. Figure 13 shows the size and size distribution of the K-mold fracture defects under 
different melt treatments. The number density of the defects increased significantly after 
2% swarf addition. The average size of the fracture defects was slightly smaller and the 
size distribution became more uniform due to the extensive amount of freshly formed 
inclusions with a smaller size in the melt. However, a large number density of total inclu-
sions with poor agglomeration results in a low mechanical property. In terms of the 
HSMC, its dispersive effects facilitate further inclusion removal and break up residual 
inclusions. A melt dominated by relatively smaller inclusion particles is then achieved. As 
a result, both the number density and size of the fracture defects are found to be signifi-
cantly reduced after HSMC. Additionally, the size distribution of these defects becomes 
more uniform, as shown in Figure 12, where large defects in the 0.2–0.5 mm range disap-
pear and are replaced by smaller defects. Thus, HSMC has the potential to enhance the 
castability of the recycled A357 alloy by reducing the size and continuity of the defects. 

Figure 12. The effects of inclusions on the melt fluidity of the recycled A357 alloy before and after the
melt treatment.

The melt cleanliness was further examined and quantified via the K-mold fracture
test. Figure 13 shows the size and size distribution of the K-mold fracture defects under
different melt treatments. The number density of the defects increased significantly after
2% swarf addition. The average size of the fracture defects was slightly smaller and the
size distribution became more uniform due to the extensive amount of freshly formed
inclusions with a smaller size in the melt. However, a large number density of total
inclusions with poor agglomeration results in a low mechanical property. In terms of the
HSMC, its dispersive effects facilitate further inclusion removal and break up residual
inclusions. A melt dominated by relatively smaller inclusion particles is then achieved. As a
result, both the number density and size of the fracture defects are found to be significantly
reduced after HSMC. Additionally, the size distribution of these defects becomes more
uniform, as shown in Figure 12, where large defects in the 0.2–0.5 mm range disappear and
are replaced by smaller defects. Thus, HSMC has the potential to enhance the castability of
the recycled A357 alloy by reducing the size and continuity of the defects.
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4. Discussion
4.1. Formation Mechanism of the Inclusions in the Recycled A357 Alloy

The recycling of aluminum alloys often increases the volume fraction of inclusions,
which can adversely affect the castability of the material. The formation of inclusions
in the recycled Al alloy was highly dependent on the conditions of the aluminum scrap.
The major constituents of inclusions in aluminum melts have been found to be oxides,
and the role of oxide films and particles in controlling the aluminum casting properties
has been extensively researched over the last few decades [19]. It has been concluded
that the number of pores, such as shrinkage and gas pores, and cracks are significantly
affected by oxide films/oxide inclusions, which results in poor mechanical properties. In
the recycled A357 alloys, old oxide films and young oxide films, which were identified by
the different dimensions of the wrinkles and folds, along with the film thickness, indicating
their formation at different stages, extensively accumulated. The old films were those
that already existed in the previous recycled alloys or grew for a long period of time from
a young film during the melt preparation, appearing as a lengthy curved feature. They
typically had extremely large sizes and number densities and, therefore, were observed to
be the most harmful inclusions. The young films formed due to the oxidation of the fresh
melt when exposed to air during the melt treatment and pouring. The formed thin oxide
layer easily folded and became entrapped in the melt by internal or external vibrations,
which exposed the fresh melt to the air, forming a fresh oxide film again. These young oxide
films had relatively small sizes and were usually less harmful compared to the older oxide
films. However, continuous young films with a large number density of oxide particles
may agglomerate together and grow into large oxide films, which normally cause large
shrinkage defects during solidification. This phenomenon was found in the recycled A357
alloys with 2% swarf additions, as shown in Figure 7. The addition of swarf in this study
represents an extreme case that leads to significant oxidation. It can be observed that the
re-melting of swarf without a protective atmosphere increased the rate of oxidation and
number of oxide films entrapped in the melt. During the melt holding, these entrapped
new oxides either reacted and grew, eventually forming highly contoured double-oxide
films characterized by convoluted cracks, identified as MgAl2O4 (Figure 7c), or remained as
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Al2O3 films that agglomerated together on the micron scale (Figure 7d). They also appeared
as thick oxide films surrounded by two new, non-wetting surface films.

When the partial pressure of oxygen is locally reduced because of the reaction between
the melt and oxygen, nitrides have been reported to form because of the chemical reaction
between the melt and atmosphere. The existence of AlN particles in the recycled A357 alloy
aligns with Nyahumwa et al.’s hypothesis [20,21] that the consumption of the gases within
the particular atmosphere of the bi-films results in the presence of nitrides in the casting
process. As a result, the recycled A357 alloys with 2% swarf additions introduced large
numbers of fresh oxide films; such a particular atmosphere trapped in the double-oxide
film entrained in the melt promoted the formation of nitrides in the melt, which is shown
in Figure 7.

Aluminum carbide inclusions have already been found as common inclusions in
commercially pure aluminum ingots [19]. The re-melting of industrial scraps, especially
with oil contaminations, will result in the presence of large carbon particles and further
easily react with molten aluminum to precipitate aluminum carbide particles, which are
detrimental to the mechanical properties. The 2% swarf addition in this research will have
been contaminated with machining oil, therefore introducing more carbides due to the
burning during the re-melting process. Moreover, aluminum carbide inclusions may also
occur because of fairly long-term degassing of molten metal at high temperatures using a
graphite impeller [21] or a reaction between molten aluminum and the unprotected surface
of the crucibles with a deteriorated surface coating [22].

In the recycled aluminum alloys, the returned scraps are usually grain refined by
Al−Ti−B master alloy and TiB2 particles that always exist in the recycling of Al alloys.
However, the TiB2 particles were found to settle at the bottom of the melt and lost their
effectiveness, as previously demonstrated [23,24]. This fading phenomenon becomes faster
in melts with higher Si contents. Despite the relatively high residual concentrations of
Ti and B in composition measurements, the effectiveness of TiB2 particles is degraded by
recycling. These residual TiB2 particles are no longer present as grain refiner and gradually
become inclusions. As a result, the extremely large number of TiB2 particles found in
the recycled A357 alloys in this research were mostly not performing as nucleating sites
for grain refinement but present as harmful non-metallic inclusions that deteriorated the
material’s castability and mechanical properties.

4.2. Benefits of HSMC in Improving the Melt Quality of High Contaminated Recycled A357 Alloy

Generally, the ductility of cast aluminum alloys depends on factors such as defects,
primary phase, secondary phase, and overall strength. However, the fracture behavior of
the recycled A357 alloy, as observed from the K-mold results, is primarily attributed to
the large defects, such as shrinkages, bi-oxides, and areas consisting of various inclusion
particles. These defects are normally associated with inclusions and dissolved hydrogen in
alloys. Because the hydrogen was controlled and measured to be similar for all of the melts,
as shown in Figure 11, the defects observed in the microstructures were mainly the result
of existing inclusions in the melts.

The microstructures of the recycled A357 alloys under various melt conditions, as
shown in Figure 14, illustrate that the major defects in the cast samples were shrinkage
porosities and continuous oxide films, along with various non-metallic inclusions. Macro-
and micro-shrinkage porosities occur when the liquid metal is surrounded by significant
amounts of solid materials, such as these oxide films and non-metallic inclusions, which
are strong enough to resist the contraction of the liquid. They extensively occurred for the
non-HSMC samples, as can be observed in Figure 14a. In addition, the size and number
density of the abovementioned defects become larger when adding 2% swarf, as shown in
Figure 14b. This confirms that the addition of swarf introduces more inclusions, increasing
the likelihood of agglomeration and resulting in larger shrinkage defects. This is found to be
extremely harmful to the material properties, especially for elongation, as it is well known
that crack propagation easily starts from porosity defects [25]. After the formation of a crack
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from oxide and porosity defects, the crack will propagate from the crack source to the whole
fractured section. The decreased number and area fraction of the initial shrinkage and
oxide defects in the recycled A357 alloy will be more efficient in impeding the propagation
of the crack, which contributes to the increase in ductility as well. Thus, HSMC, as an
effective method for dispersing inclusions and making them discontinuous converts them
into a highly dispersed state to minimize their detrimental effects. It has, therefore, become
a critical method for melt treatment and cleaning. As shown in the statistical results
in Figure 14c,d, the percentage of the area of the shrinkage porosity defects decreased
significantly, and the large continuous oxide inclusion defects were eliminated following
the HSMC process. This means HSMC can affect the growth and final morphologies
of these inclusions. With small particle sizes around one hundred nanometers and the
small number density after being well-dispersed by HSMC, the inclusions in the melt
had less harmful effects on the mechanical properties. As a result, the HSMC caused the
existing inclusions to be less critical for the material’s castability and has the potential to
achieve a recycled A357 alloy with a better performance to facilitate the industrial recycling
of aluminum alloys. Ongoing research work will focus on the effects of HSMC on the
mechanical properties of recycled A357 alloys in real products as a next step.
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Figure 14. Microstructures of the recycled A357 alloys: (a) defects with large size in recycled A357
alloy with conventional melt treatment; (b) defects with large size and number density in recycled
A357 alloy with 2% swarf addition with conventional melt treatment; (c) few defects in recycled A357
alloy under HSMC; (d) defects with smaller size and number density in recycled A357 alloy with 2%
swarf addition under HSMC.

5. Conclusions

1. The predominant inclusions in the recycled A357 alloys consisted primarily of a sig-
nificant amount of non-metallic inclusions, particularly TiB2 particles and oxide films
composed of discrete MgAl2O4 particles. Al4C3, AlN, Ti-rich, and Fe-rich intermetallic
compounds (IMCs) were also present as inclusions, although their number densities
were relatively small.

2. Compared to the primary alloy, the inclusions identified in the recycled A357 alloy
exhibited an extremely high number density and poor agglomeration, making them
difficult to remove effectively from the melt using conventional degassing techniques.
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The addition of swarf further exacerbated the size variation and increased the num-
ber density of the inclusions by introducing more fresh continuous oxides, carbide
particles, and nitride films.

3. High shear melt conditioning (HSMC) technology was found to be an effective method
for breaking up the agglomeration of entrapped inclusions, rendering them discontin-
uous and well-dispersed in the melt, thereby facilitating the removal of most large
inclusions using conventional melt cleanliness techniques and converting the rest of
the large inclusions into a highly dispersed state to minimize their detrimental effects.

4. The melt fluidity was restored to a higher value, and the size and number of the
defects significantly decreased after the HSMC. The combination of HSMC technology
with conventional melt treatment has the potential to enhance the melt condition
before casting, resulting in noticeable improvements in the melt quality and mate-
rial castability.
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