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Abstract

Recycled aluminum has emerged as an excellent alternative for producing new alloys. The
development of multicomponent alloys has led to products with enhanced properties, and
the aluminum alloy market has increased. This study utilized squeeze casting to produce
Al alloy samples. The effects of 5 wt.% of both the Si content and the Al-25.5 Cu—12 Fe
quasicrystal (QC) content on the microstructural formation and microhardness analyzed.
A cellular microstructural formation was found for the recycled aluminum. A dendritic
structure was characterized in both the Alrec—5% Si and Alrec—5% QC alloys. After
adding 5% wt.% QCs, the resulting hardness became higher (varying between 110 and
130 HV) than the alloy with 5 wt.% Si (90 and 110 HV) and the recycled aluminum alloy
(between 70 and 80 HV). The portion of the QC alloy completely dissolved into the bulk
of the recycled alloy during squeeze casting. This was associated with a more complex
phase arrangement characterized by the QC alloy. This was characterized by a dendritic
microstructural array with binary eutectic mixtures (x-Al + Mg,Si) and refined ternary
eutectic mixtures (x-Al + Mg,Si + AlFe(Si)). In contrast, the sample with Si content and
the recycled alloy sample without additions depicted resulting microstructural arrays with
reduced secondary phase formations. These contributed to improved mechanical behavior
through traditional strengthening mechanisms.

Keywords: recycled aluminum; squeeze casting; microstructure; microhardness

1. Introduction

Aluminum is one of the most widely recycled materials globally, primarily through
casting processes that produce low-cost components or by being extruded or rolled into
new aluminum cans. The recycling of aluminum not only conserves energy and resources,
but also allows for the development of high-strength alloys. These alloys can serve as
matrices for the production of structural components used in critical applications, such as
applications in the aerospace and automotive industries. Despite its popularity, aluminum
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has inherent limitations in its mechanical strength and hardness. However, these properties
can be significantly enhanced through the addition of alloying elements. For instance,
silicon (Si) is commonly added to improve fluidity during casting, increase the corrosion
resistance, and decrease the overall weight of the material. Quasicrystals (QCs) represent a
novel class of metallic materials.

Shechtman et al. first discovered QCs in 1984 [1]. These materials stand apart from
conventional solids—whether amorphous or crystalline—due to their unique structural
characteristics, which give rise to exceptional properties [1]. While they are well ordered,
QCs do not repeat at regular intervals. In other words, they lack long-range periodic-
ity, which is why they are classified as quasiperiodic structures. QCs are composed of
structural units with unusual symmetries, such as icosahedra, octagons, decagons, or
dodecagons, rather than the typical unit cells found in conventional crystals [2,3]. Their
key characteristics include a low friction coefficient about one-third that of carbon steel and
a surface energy only 25 to 30% higher than that of Teflon, along with being hard, brittle,
and highly resistant to corrosion [4]. Due to these remarkable properties, QCs are primarily
utilized as coatings or as reinforcement in composite materials. The brittleness of QCs
at room temperature is mitigated by their matrix or the substrate material in which they
are embedded.

In recent years, quasicrystals have emerged as a promising area in materials science.
These unique structures exhibit a range of desirable properties, including a high hardness, a
low electrical and thermal conductivity, a low friction coefficient, a low surface energy, and
an exceptional corrosion resistance. They also possess unique optical characteristics not
found in conventional crystalline alloys [5-7]. Due to these properties, QC (quasicrystalline)
alloys are gaining interest for a variety of applications, such as structural materials, thermal
and electrical systems, coatings, and anti-corrosion solutions.

The automotive and aerospace industries demand structural materials that offer
a combination of a high-temperature strength, a low density, and excellent corrosion
resistance. These stringent requirements along with cost considerations have driven the
development and adoption of advanced technologies for producing multicomponent
aluminum alloys [5-8]. Among the lightweight materials, Al-Mg-Si alloys are particularly
promising due to their favorable chemical and mechanical properties [8-11]. In these alloys,
the formation of Mg,Si particles plays an important role, and the common presence of
iron impurities leads to additional particle precipitation during solidification [12]. The
microstructure of the AlI-Mg-5i alloys, specifically the morphology of the Al-rich matrix
and the distribution of secondary phases, is highly dependent on the cooling rate during
solidification [13,14]. Theoretical and experimental studies on directional solidification
have shown that, under near-equilibrium conditions, the solid /liquid interface transitions
from planar to cellular, and then to dendritic, as the growth rate (Vi) increases. This
clearly reveals the direct influence of the solidification parameters on the morphology of
the solidification front.

Squeeze casting is a modern manufacturing process that has demonstrated improve-
ments across various performance parameters when conscientiously applied. This tech-
nique is viewed as a hybrid of casting and forging [15]. It involves applying pressure to
the molten metal throughout the solidification stage [16]. Over the past four decades, the
effects of the pressure-assisted solidification on the casting properties have been extensively
studied [17]. Vijian and Arunachalam [18,19] and Yu et al. [20] revealed that, by pressuriz-
ing the molten component in the solidification, the melting point of the alloy is modified.
This accelerates solidification and refines both the microstructure and macrostructure;
consequently, a significant decrease in the shrinkage porosity is attained.
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In the present study, a multicomponent alloy based on recycled aluminum (Al-Mg-5i)
was investigated, with additions of silicon (Si) and QC materials (with a close composition
at A1-25.5 Cu—12 Fe). The alloy was solidified under pressure using squeeze casting,
under unsteady-state solidification conditions. The novelty of this present investigation
concerns the effects of adding 5 wt.% Si and 5 wt.% quasicrystals (QCs) on the solidifica-
tion microstructure of the recycled aluminum. These additions affected the formation of
intermetallics and secondary phases, and consequently substantially modified the result-
ing microhardness.

2. Materials and Methods

Recycled aluminum was used to prepare the alloys. Table 1 depicts their resulting
chemical composition. The recycled aluminum originated from soda and beer cans, which
were melted inside the chamber of a furnace (mulffle type, 6KVA, Fortlab, Sao Paulo, SP,
Brazil). The specimens were melted inside of cylindrical molds of 100 x 30 (£1.5) mm.
Subsequently, the samples were cut and weighed.

Table 1. X-ray fluorescence spectrometry analyses demonstrating the chemical composition (*) of the
recycled aluminum alloy and the QC alloys (**).

Recycled Alloy Al Si Mg Fe Cu Zn
% Mass 93.0 4.4 2.0 0.32 0.2 0.08
QC alloy 57 (£2.5)  2.7(+£05) n/a  144(+20)  260(£15)  <0.01

(*) values varied by about 5% from the measurements shown. (**) values previously reported from
the same sample were donated to be utilized in this study. n/a: not available.

The QC alloys were initially melted in an open induction furnace INDUTHERM
MU 400, INDUTHERM Erwarmungsanlagen GmbH, Walzbachtal, Germany) without gas
protection. The molten metal was first cast into a permanent low-carbon steel mold (SAE
1020). To achieve this in the target stoichiometric composition of the Al-25.5 Cu—12 Fe
alloy, a compensation step was performed using a 10 g charge of the Al-Fe alloy, which was
melted inside an induction furnace under an argon atmosphere. Following this adjustment,
copper was added to the melt to reach the desired final composition. The final casting was
performed using a 45 (+1.5) g molten charge. The induction furnace was operated at 4 kW
of power and a temperature of 1300 (£5) °C. Subsequently, the alloy was poured at the
same temperature. The chemical composition of the utilized QC alloy is also shown in
Table 1. Additionally;, it is remarked that both the X-ray Diffraction (XRD) patterns and
the resulting microstructure of the QC alloy have been previously reported [21]. It is also
remarked that these results were not demonstrated in this study due to only a portion of
the QC alloy being added into the recycled alloy. Consequently, the majority elements were
dissolved into an Al-rich matrix or they constituted other AlFeCu intermetallics, as will be
discussed. Similar microstructures are also reported [22,23].

After obtaining the recycled aluminum (Alge.) and the QC alloy, two compositions
were prepared: the Algec—5 wt.% Si and Algec =5 wt.% QC. From this moment, these alloys
are denoted as Alge—5%Si and Alre—5%QC. The alloys were melted inside an electric
mulffle furnace (6KVA, FortLab, Sao Paulo, SP, Brazil) at 900 (£5) °C. Subsequently, the
molten alloys were poured into a permanent steel mold. During the liquid state (melting
stage), a pressure of 100 MPa was applied for 10 s.

A schematic representation of the experimental setting is shown in Figure 1. For each
one of the produced ingots, a longitudinal cut was initially carried out. This procedure
was followed by transverse cuts in semicircle shapes with a thickness of 10 (£1) mm. A
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total of eight (08) discs per ingot were produced. For the macro- and microstructural
characterizations, the first and last discs were excluded.

Figure 1. Schematic representation of the experimental solidification of squeeze casting: (1) hydraulic

press with control; (2) pulsation; (3) cylindrical mold; (4) thermocouples; (5) temperature recorder
(data logger); and (6) computer and data acquisition software.

This is because these regions correspond to the upper pulsation and the lower sealing
devices, where the radial heat extraction takes place. For the analysis, only 6 discs from
each ingot were utilized. For the characterization of the resulting microstructural arrays
and microhardness, the average values were taken from positions that were 4 mm and
12 mm from the metal/mold interface, as depicted in Figure 2.

Interface Metal/Mold Sample Medium Sample Center

| | |
[ | r | [
2mm 4mm 7mm 9mm 13mm 15mm

Figure 2. Schematic representation showing the positions of the selected samples to carry out the
examinations and characterization.
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For the characterization of the resulting microstructural arrays, a 0.5% hydrofluoric
acid (HF) solution during the interval between 10 and 30 s was used. Image-processing
systems utilizing the Neophot 32 (Carl Zeiss, Esslingen, Germany) and the Leica Quan-
timet 500 MC (Leica Imaging Systems Ltd., Cambridge, UK) were used. With these, the
measurements of both the cellular and dendritic arm spacing formations were carried out.
The method used for determining the dendrite arm spacing followed a previously reported
procedure [20].

For the XRD analysis, the samples were selected from the central region of the ingot.
This region is considered the best for the representation of a possible variation in cooling
rates along each analyzed ingot. The measurements were performed to determine the
phase composition forming the microstructure of each alloy as a function of the position.
A Shimadzu XRD—-7000 diffractometer (Department of Materials Engineering—Federal
University of Paraiba, Joao Pessoa, PB, Brazil) within a 26 range from 20° to 90°, using Cu-
Ko radiation with a wavelength (A) of 0.15406 nm, was used. This was used to characterize
the crystallography of the examined alloys.

Vickers microhardness measurements using a Shimadzu HMV -2 hardness tester
(Shimadzu, Barueri, SP, Brazil) at an environmental temperature (at 24 + 2 °C) were carried
out. The measurements considered a loaf of 200 g (0.2 kgf) and a dwell time of 15s. The
average values were obtained from the 20 individual measurements. This reasonably
guaranteed the reproducibility and repeatability of the experimentation carried out.

3. Results and Discussion

The resulting typical microstructural morphologies of the Algec, Alrec—5%Si, and
AlRec—5%QC alloys are shown in Figure 3a—f. These correspond with two distinct positions:
the first was located 4 mm from the metal/mold interface and the other was 12 mm from
the center of the ingot. In the case of the Alg,. alloy sample, a cellular microstructural array
was clearly characterized. This was located at the 4 mm position, and the observed cells ex-
hibited an elongated shape. Closer to the center, at the 12 mm position, the microstructural
transitions to a dendritic morphology were revealed.

The Alge.—5%Si alloy sample showed a predominantly dendritic microstructure forma-
tion. This occurred from the outer region to the center of the ingot. A similar dendritic arm
spacing formation was also characterized for the Algre.—5%QC alloy sample. Additionally,
for the Alre—5%QC alloy, plate-like AlFeMn phases with a diamond-shaped morphology
were observed. This occurred predominantly and substantially close to the central region
of the ingot.

According to Mondolfo [24], when the magnesium content in an Al-Mg alloy is lower
than 17.4% at 723 K (~450 °C), there exists the possibility of a single-phase x-Al to be formed,
especially considering equilibrium or close-to-equilibrium cooling conditions. Both the
cooling rate and the nominal composition affect the segregation and the tendency to form
the second phases. In this study, the Alge. alloy sample solidified under pressure, and
the optical images (shown in Figure 3) suggest that the secondary phases were discretely
constituted and located at x-Al dendrite boundaries.

ThermoCalc® computations of the solidification path of three distinct ternary Al-Si-
Mg alloys are shown in Figure 4a—c. The presence of impurities such as iron and silicon
was identified, i.e., 0.15 wt.% Fe and 0.15 wt.% Si. Kumar et al. [13] identified this in an
as-cast Al-Mg alloy (strip), with their findings in agreement with the observations of the
present study. The growth of x-Al, the Mg-Si-rich phase, and Fe-bearing intermetallics
were also characterized.
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Figure 3. Typical microstructures of the (a,b) Algre., (¢,d) Alrec—5%Si, and (e,f) Alre.—5%QC alloy
samples, respectively.

The solidification path under equilibrium conditions for the Al-Mg alloys was rela-
tively simple, and the final solidification microstructure consisted basically of the «-Al
phase. On the other hand, in the Al-Mg-Si alloys, the magnesium and silicon contents
were lower than 2% and 1%, respectively. This promoted a resulting microstructural array
that was somewhat more complex, as reported by Kaygisiz and Marasli [9]. The solidifi-
cation of these alloys under transient heat extraction conditions induced the formation of
unpredicted phases. These corresponded with phase diagrams, especially when a minor
content of Fe was present. In the case of the Alg,. alloy sample, «-Al, primary silicon with a
diamond_A4 crystal structure and iron-rich intermetallic phases (AlgFe;Siy) were character-
ized. These were homogeneously dispersed and embedded into the Al-rich matrix. When
the Algec —5%S5i alloy sample was analyzed, a microstructural formation indicated that,
under non-equilibrium solidification conditions, the expected phases were o-Al, Al-Mg-f3
(AlsMgy), and Mg, 5i. Nevertheless, the increased silicon content promoted the formation
of a distinct crystalline silicon phase with a diamond-type structure, as shown in Figure 4b.
Figure 4c depicts the solidification path of the Alg,.~5%QC alloy sample and a residual of
0.60 wt.% Fe content. Under non-equilibrium conditions, the observed phases included
Al-a, AlgFe;Siy, AljgFeoMgySijg, Al;CupFe, Mg)Si, and a complex intermetallic phase,
probably with an AIMgCuSi composition. The typical experimental SEM mapping results
of the multicomponent Alge. alloy, Alrec—5%5i alloy and Alge.—5% QC alloy are shown in
Figures 5a, 5b and 5c, respectively. All of the observed micrographs evidence the eutectic
formation, i.e., the a-(Al) + Si + -AlMgFeSi + 6-Mg,Si mixture into the interdendritic
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region. Basically, a gray background «-Al matrix is characterized by darker spots where
the Mg,Si intermetallic prevails and lighter phases are identified as the AlFe(Si) type.
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Figure 4. Solidification paths calculated by the Thermo-Calc® software, version 4, Stockolm, Sweden,
of the (a) Al alloy; (b) Alre—5%Si alloy; and (c) Algec—5% QC alloy.

Figure 5. Typical SEM micrographs showing the phases formed during radial pressure solidification

of the as-cast alloys: (a) Alge. alloy, (b) Alge.—5%Si alloy and (c¢) Alge.—5% QC alloy samples located
at the central position of the ingot.
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Figures 6a and 6b show the resulting XRD analysis of the Alre.—5%5i and Alrec—5%
QC alloys samples, respectively. Figure 6a shows the peak intensity corresponding to Al
at 20 ~44.7°, which is substantially occluded. It is worth noting that 38.5° corresponds to
the highest-intensity peak related to Al. This seems to be associated with a preferential
orientation (crystallography texture). It was determined that, due to the squeeze casting
applied, the Al-matrix dendrites were refined, as is demonstrated below. Also, due to
Fe dissolution at 900 °C, after solidification, it precipitated as complex intermetallics.
Additionally, minor Cu and Mg contents tended to react with Si during the squeezing
casting. Consequently, fine Al,Cu was formed, and possibly complex AlyCuy;MggSiy (lath-
like), AlFeSi, AlFeMgSi and Mg, Si at interdendritic regions were precipitated, as identified
from the XRD pattern results shown in Figure 6.

(a) Al _-5% SiI (b) Al - S%QCI
S 2
£ £
g g
E E
2 o @
[T n2 [«)]
<% 23 3 233
N= LA < RER
20 30 40 50 60 70 80 90

20(°)

Figure 6. Typical X-ray diffraction (XRD) patterns: (a) Alge.—5%Si alloy and (b) Algec—5% QC
alloy samples. The JCPDS file numbers were #00—001—1180 (for Al) data from [25], #01—1180 (for
Al,Cu) [25], #26—1481 (for Si) data from [25,26], #034—0458 (for Mg,Si) data from [26], and #71—0238
(for AlFeSi) data from [27].

It is important to remark that the Si peaks of the Alge—5% QC alloy sample were
completely occluded from the AlFeSi intermetallic formations. For instance, close to ~22°
and ~42°, the Si peaks were not characterized due to the AlgFe,Si being formed. A higher
intensity with a large base was verified, which possibly incorporated Si to constitute this
specific intermetallic formation. A similar situation occurred at 28°, due to the MgySi
formation, and close to 48° due to the formation of Al4CuMggSi;. This stoichiometry
showed a high Si content in its composition.

The typical SEM microstructural arrays of the examined alloys are shown in
Figures 7-9. The micrographs of the recycled aluminum (Algec), recycled aluminum with
the 5% silicon addition (Algec —5%5i), and recycled aluminum with the 5 wt.% QC addition
(Alrec—5%QC) are depicted in Figures 7, 8 and 9, respectively. The resulting x-Al matrix,
the primary Al,Cu phases, and the intermetallic compounds containing Fe and Mn, pre-
dominantly located at the dendritic boundaries, are predominantly characterized, as also
previously reported [18,19,24,28,29]. In Figure 7, the Alge. alloy displays an aluminum-rich
matrix with a chemical composition of 98.5% aluminum with minor Mn and Si contents in
the Al-rich matrix. While aluminum clearly constitutes the primary matrix, the elements Mg
and Si are primarily concentrated along the grain boundaries, which suggests segregation
during solidification. Figure 7a,b,c show elemental maps corresponding with individual
elements, i.e., Al, Mg, and Si, while Figure 7d,e and f show the maps for Mn, Fe and Cu,
respectively. Figure 7g shows the elemental map with the cellular microstructural array
followed by its chemical compositions at three different points: #1, #2 and #3. Additionally,
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it can be observed that points 2 and 3 are located at the grain boundaries, and these have a
high aluminum content (85.37 wt.%). These also indicate the significant segregation of other
elements, as depicted. This supports the previously mentioned indication of elemental
segregation occurring during the solidification process.

200 pm

200 pm 200 pum
| I

(a) Al (b) Mg (c) Si

200 1m
Mass fraction/%

! Al Mg Si Mn Fe Cu
Point1 9850 0.6 0.90 - - -
Point2 87.70 - 530 1.73 4.86 041
200 pm 200 pm Point 3 8537 220 548 250 3.18 1.36
I e

(d) Mn (e) Fe (f) Cu

Figure 7. SEM/EDS images of the examined Alg,. alloy located at the central position of the ingot,
showing the elemental maps of (a) Al, (b) Mg, (c) Si, (d) Mn, (e) Fe and (f) Cu. Cellular microstructure
array with the EDS elemental distribution (g) and its corresponding chemical composition is depicted.
The hash symbol refers to the number of points analyzed.

B (d rl S (e) Fe 7 (f) Cu

) =a,

# Mass fraction/%
Al Mg Si Mn Fe Cu
Point1 9850 0.6  0.90 - - -
Point 2 77.70 - 1280 243 436 271
Point3 83.37 221 658 253 3.18

120 pm

120 pm

120 H

Figure 8. SEM/EDS images of the examined Alge.—5%5i alloy sample located at the central position
of the ingot, showing the elemental maps of (a) Al, (b) Mg, (c) Si, (d) Mn, (e) Fe and (f) Cu. Resulting
dendritic microstructure array with the EDS elemental distribution (g) and its corresponding chemical
composition is depicted. The hash symbol refers to the number of points analyzed.
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120 um

(d) Mn

60 um
|

# Mass fraction/%
Al Mg Si Mn Fe Cu
Point1 9921 0.18 025 0.15 0.03 0.18
Point2 8702 - 505 1.03 6.90 0.33
Point3 91.04 - - - - 896

120 pm 120 pm

(e) Fe (f) Cu

Figure 9. SEM/EDS images of the examined Alg.—5%QC alloy located at the central position of
the ingot, showing the elemental maps of (a) Al, (b) Mg, (c) Si, (d) Mn, (e) Fe and (f) Cu. Den-
dritic microstructural array with the EDS elemental distribution (g) and its corresponding chemical
composition is depicted. The hash symbol refers to the number of points analyzed.

Figure 8 depicts the Alre.—5%5i alloy exhibiting a microstructure characterized by an
aluminum matrix containing the x-Al phase. Figure 8a—f depict the resulting individual
elemental maps corresponding with Al, Mg, S5i, Mn, Fe and Cu, while the dendritic mi-
crostructure formation with three distinctive analysis points is depicted in Figure 8g with
its chemical compositions below. Variation in the elements within the microstructure was
observed. Due to the tendency of silicon atoms to segregate and form clusters, when the
concentration of Si was rejected from the Al matrix, it surpassed the eutectic composition,
and the primary Si phase precipitated alongside the x-Al phase, as previously reported [30].
Using energy-dispersive X-ray spectroscopy (EDS), two distinct points were analyzed. At
point 1, located within the matrix, an Al-rich region was revealed. This indicated the pres-
ence of the primary o-Al phase. Points 2 and 3, located at the grain boundaries, indicated a
complex structure containing Al, Mg, Mn, Si, Cu, and Fe. This suggested the formation of
the intermetallic compounds.

Figure 9 shows a typical Alge.—5%QC alloy, which also constituted a dendritic mi-
crostructure formation. Figure 9a—f show elemental maps of Al, Mg, Si, Mn, Fe and Cu,
respectively. A dendritic microstructural array is also characterized. Three distinctive
analysis points are shown in Figure 9g and its corresponding chemical compositions are
demonstrated below. A diamond-shaped morphology is clearly characterized. In multi-
component alloys such as this one, the solidification involves complex thermodynamic
interactions and solute interdiffusion. These conditions often lead to the formation of
secondary phases and intermetallic compounds during the early solidification stages.

At distinctive points in the microstructure array, the chemical composition of the
phases was examined. At point 1, the x-Al-rich phase (matrix) was characterized. At point
2, an intermetallic phase was observed, with a high concentration of iron (8.38 wt.%) and
manganese (4.82 wt.%). These elements probably originated from the recycled aluminum
alloy. However, the iron content increased due to the addition of the portion (5 wt.%)
of the quasicrystalline alloy (Al—25.5 Cu—12 Fe). This characterizes the interdendritic
regions, which are neighboring grains constituted by a Si-eutectic formation. When an
Al-Si-based alloy is solidified using squeeze casting, similar microstructure characterization

https://doi.org/10.3390 /met16091028


https://doi.org/10.3390/met16091028

Metals 2026, 16, 1028

11 of 16

is reported [31]. Thus, the resulting microstructure is finer Si particles neighbored by Al-
matrix dendrite, as also reported [31]. Combined with the radial solidification process, this
promotes the segregation of these elements with aluminum, leading to the formation of the
intermetallic Al;FesMn. At point 3, Al,Cu intermetallic formations were characterized as
lamellae along the grain boundaries. This shows that the Cu content from the QC alloy was
adsorbed after solidification. This promoted its precipitation as intermetallic to “anchorage”
for the Al matrix, and consequently, the mechanical behavior increased. It is also remarked
that, at point 3, the composition corresponded perfectly with the obtained XRD analysis.
Thus, the Al;Cu and Q phases were constituted.

Table 2 demonstrates the results of the EDS and the possible phases identified and
compared with the XRD pattern results of the examined Alge—5%Si and Alge—5%QC alloy
samples at three different points, as shown in Figure 7 (SEM) and Figure 6 (XRD).

Table 2. Examined Si and Alge.—5%QC samples.

. Main Identified Expected Located at SEM Comparison of XRD
Point at SEM Element Crystallographic Phase Images Peaks at XRD Results vs. SEM
Consistent: Squeeze
- . casting induced the
#1 . fdl (_néf”(‘;“ty) | (low gﬁiim ) (Sg‘l'iﬁls‘é‘littrgn) ~38°; 45°, 65°, 78° solubilization of Mg
& ot {traces y and Cu into the
matrix.
Consistent: Squeeze
5% Si o Silneedlelike) Si-rich ((I)‘r‘;ird:/“dggsv ~23°; 28°; 42°; 47°; Ca;ffﬁflfraagﬁcegfd
e Al (balance) (needle-like) 8y 57°; 58° ol-rich p '
regions) hindering coarser
needle-like particles.
. Cu (dispersed) o ALC Interdendritic . Al,Cu; 81/83° Consistent:
#3 ° Mg (dispersed) o M2 Sli and/or grain . Mg, Si; ~27°; 43, Intermetallics were
. Al (balance) 82 boundaries 75 constituted.
- . Consistent: Squeeze
Y’ (r(r;:z]l(c);t)y) (low bl ) (sgl_iglslcl)llitt?cz(n) ~38°, 65°, 78° casting dissolved Mg
& y into the matrix.
. Al Partially consistent:
. F . AlFeSi Distinctive
# . I\/T . AlCuFe Interdendritic ~44°; 45°; 47.5°; 73°; intermetallics were
. Mg . AlFeMgSi (yellow regions) 81°; 83° constituted, mainly
5% QC . C n e AlCu those corresponding
u with AlFeSi.
Consistent: Cu
content in the
. Cu (majority) Dispersed into Al 5 o solidification
#3 ° Al (balance) ALCu matrix 81/83 precipitated as

prismatic blocks
(pink).

Considering Table 2, it was confirmed that the XRD and EDS results were consistent
for both the Algec—5%Si and Algec—5%QC alloy samples. When the Alre.—5%QC alloy
was analyzed, distinctive AlFeSi, AlICuFe and AlFeMgSi were possibly identified. Their
corresponding chemical composition, containing Al (balance) and Cu, Mg, Si, and Fe
contents, was verified. It is worth noting that Mn was identified in the EDS results.
Commonly, this element is associated with AlFeSi intermetallics and is not detected in XRD
analyses. This is associated with common (or typical) limiting detection of the utilized
equipment. These verified crystallographic phases are useful for understanding the results
of the hardness attained. Also, these are associated with the microstructural formation, as
is discussed below.

Figure 10 shows the variation in the cellular and dendritic spacings as a function of
the distance (p) from the metal/mold interface for the three examined alloy samples. For all
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of the alloys studied, the microstructural spacing increased with an increase in the distance
from the interface. In particular, the Alge. alloy exhibited an increase in the cellular spacing,
while both the Algrec—5%Si and Algec—5%QC alloy samples had their secondary dendritic
arm spacings (SDASs) increased.
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Figure 10. Experimental results of the evolution of the cell spacing (Ac) and the secondary dendritic
spacing (A;) of the examined alloys as a function of the distance (p) from the metal/mold interface.
Arrows indicate the cellular or dendritic microstructures.

Among the modified alloys, the Alge—5%QC alloy had a considerably lower SDAS
than the Alge—5%S5i alloy. This promoted a finer dendritic structure. The unmodified
recycled aluminum alloy (Algre.) showed a cellular-to-dendritic transition close to the
metal /mold interface, as previously demonstrated.

The microhardness (HV(,) variations with the distance (p or Position) from the
metal/mold interface (p), the dendritic arm spacing, and the cooling rate are depicted
in Figure 11a. A Hall-Petch-type correlation was proposed, which associates the HV with
microstructural spacings. An inverse square root dependence was prescribed, as depicted
in Figure 11b. Originally, the Hall-Petch law described the relationship between the yield
strength of polycrystalline materials and their grain size. The increase in the strength
was attributed to the obstruction of dislocation motion by grain boundaries. However,
grains are frequently heterogeneous, often containing different phases and intermetallic
compounds that obstruct dislocation motion. As a result, modified Hall-Petch-type re-
lationships have been reported [31-33] in order to correlate the tensile properties with
other microstructural length scales, such as the interphase boundaries and the dendritic
arm spacings. Since hardness involves plastic deformation, and thus, dislocation activity,
the hardness of metallic alloys has likewise been found to correlate with microstructural
spacings through similar Hall-Petch-type correlations [33,34].

Figure 11a demonstrates that the microhardness values of the Alr..—5%QC alloy were
significantly higher than those of both the Alge.—5%Si and the Alge. alloy samples. This
enhancement seems to be associated with a more complex phase structure developed in
the multicomponent alloy. This includes the formation of binary eutectic (x-Al + Al,Cug)
and refined ternary (x-Al + Mg,Si + AlFe(5i)) mixtures.

https://doi.org/10.3390 /met16091028


https://doi.org/10.3390/met16091028

Metals 2026, 16, 1028 13 of 16
160 180
{ @ ——nv-115 @) 2! " AL, —HV= 35410100
. 140—; - HV=145 (P)-O.Zl 160 4 Alec- 5%5Si HV = -338 + 1910 (kz)];_
=1 1 L HV = -323 +1910 ().,) .
> el é P, HV =165 (p)'0'21 >° Al - 5%QC °
T 1204 .- Rec
N L T 140
) - . N
é i \%' LA % HV = 59+1910 (1) ®
] =59+ ”
.g 1004 L '3 _§ 120 R'= 0978
] L S~
5 ] Tl A £ I A
S ] - g 1004 g
§ 80 4 - 9 A HV = 44+1910 (%)
Al = A R’ = 0.996
A AL -5%Si 80 . (b)
® Al -5%QC Hvi 27 +1910 (A,)
60 Rec | | | | 60 ‘ . R'- 0885 :
4 6 8 10 12 0.220 0.225 0.230 0.235
Position (P ), mm 12 112

Figure 11. Experimental correlations between the microhardness with the (a) distance (p) and
(b) inverse square root of dendritic spacings.

Although slight variation in A, considering distinctive cooling rates, was observed,
there are other metallurgical factors that can affect the resulting hardness. Notably, Mg,Si
intermetallics that reach a hardness between 600 and 700 HV [32,33] have an important
and critical role in the final mechanical behavior. In the Alg,—5%QC alloy sample, the
microhardness increased from 99 HV to 125 HV when the cooling rate was decreased.
This seems to be intimately associated with the increase in the fraction of AlFe-based
intermetallics. Additionally, the solid solution with Mg contributed to a strengthening and
hardness enhancement. The distribution of Mg within the primary «-Al phase depends
on the cooling rate. Since the cooling rate changes, the Mg solubility tends to decrease.
Consequently, both the solid solution strengthening and the hardness decreased.

It is also remarked that the increased hardness was not only associated with thermal
parameters, but also chemical and identified phases and intermetallics. This was due to the
fact that squeeze casting was used. Consequently, the porosity was substantially reduced in
association with the microstructure refinement. In addition, the Cu and Mg contents were
associated with the “powerful” phases (e.g., Al,Cu and AlICuMgSi). These parameters are
responsible for increasing the hardness when compared with the “original” Al-recycled
alloy without Cu content.

Figure 11b shows the proposed general expressions, which permit the correlations
between the microhardness (HV) as a function of both A¢c and A,. These are described in a
Hall-Petch-type relationship. It was recognized that the “original” Hall-Petch equation
describes a mechanical property (e.g., yield strength) proportionally to the reciprocal of
the square root of the grain diameter [35]. When as-cast samples are investigated, dendrite
fineness becomes a more important parameter affecting the prediction of the mechanical
strength than the grain size [35]. This is justified based on the microsegregation and
secondary phases and intermetallic formation. Also, it is recognized that those equations
depicted in the caption are HV = A + B. X, where X = A~1/2 represents the structural
refinement parameter and B means the experimental strengthening coefficient (or slope
of the linear regression). A is the intercept at the ordinate axis; it should represent the
microstructure spacing theoretically tending to infinity (X — 0). However, its domain is far
from the origin, and mathematical extrapolation shows that the intercept achieved negative
values. This constitutes a physical inconsistency regarding a material’s hardness. Thus,
linear axis translation was implemented. A minimal X value was defined as 0.20, where
the microstructural spacing is between 10 and 15 pum, i.e., X" = X-0.20. Consequently, this
circumvents the problem of negative hardness to prevent misleading global extrapolations.
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Additionally, the slopes represented by values of 1910 were maintained; new equations
were proposed (e.g., HV = 44 + 1910 A ~%%); and fitting (R?) values were also preserved.

By comparing these corrected equations with a previously reported study [36] utilizing
an Al-Si-based alloy produced under conventional as-casting (water-cooled and promoting
a unidirectional solidification), the equation is HV =41 + 67 A0 The parameter A is
similar, since an Al-based alloy was also used. However, the parameter B (slope coef-
ficient) is considerably distinctive. Since it means the locking parameter or refinement
sensitivity, it indicates how efficient the microstructural barrier is at impeding dislocation
movement. The difference between 1910 and 67 reflects the effect of squeeze casting in the
resulting porosity decrease, solid solute saturation and morphological modification with
the refinement of the intermetallic and secondary phases.

4. Conclusions

From the results obtained using Al-recycled alloys with silicon and quasicrystal con-
tents, the following conclusions can be drawn:

It was found that Al-based alloys (recycled) with both Si and quasicrystal composition
contents characterized the dendritic microstructural arrays. On the other hand, a cellular
microstructure arrangement was constituted at the early solidification stages of the recy-
cled aluminum alloy. In the interdendritic regions of the Si-containing and quasicrystal
contents, secondary intermetallic phases, such as Al,Cu, Mg,5i, and AlFe (SiMg), were
identified. Additionally, binary (x-Al + Mg,Si) and refined ternary (x-Al + Mg,Si + AlFe
(S1)) eutectic mixtures were consistently observed throughout the ingot lengths of all of the
studied alloys.

The alloy containing 5 wt.% QCs exhibited significantly higher hardness values than
both the alloy with 5 wt.% silicon and the recycled aluminum alloy. The increased hardness
was attributed to the Cu and Mg contents coming from the QC content. This also considered
the development of the binary eutectic mixtures (o-Al + Mg,Si) and the refined ternary
eutectic mixtures (x-Al + Mg,5i + AlFe (5i)). Hall-Petch-type relationships correlate the
hardness with the inverse square root of the cellular (A.) and dendritic (A;) spacings. This
implies that a decrease in the A, and A. corresponds to an increase in the hardness. Squeeze
casting similarly affected the microstructural arrays and hardness of all of the samples
examined. This because similar operational parameters are used. It was found that the
resulting chemical compositions also directly affected the microstructural formation and
the resulting morphologies, phases and intermetallics constituted. These are responsible
for the strengthening results achieved.
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