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Abstract: Secondary Al-Si alloys typically encompass several impurities that substantially
influence the materials’ microstructure and mechanical performance. This study employed
a composite addition of chlorinated salt fluxing and an aluminum–boron master alloy to
reduce the levels of the impurity elements magnesium (Mg), titanium (Ti), and vanadium
(V) in secondary Al-Si alloys. The investigation of the performance mechanism revealed
that the distribution of alloys’ grain orientation and the ratio of small-angle grain bound-
aries were modified via synergistic purification, leading to the refined microstructure and
mechanical performance of secondary Al-Si alloys. The removal rates of impurity elements
under these optimal refining conditions were 89.9% for Mg, 68.9% for Ti, and 61.5% for
V. The refined alloy exhibited a 45.5% decrease in grain size and a 28.7% improvement in
tensile strength compared to the raw material. These findings demonstrate that fluxing can
improve the extraction of Ti and V from secondary Al-Si alloy melts of aluminum–boron
master alloys, providing a new cost-effective strategy for the removal of impurities and the
optimization of the properties of secondary Al-Si alloys.

Keywords: secondary Al-Si alloys; fluxing; aluminum–boron master alloy; organization;
tensile properties

1. Introduction
Secondary aluminum refers to the recycling process involving the sorting and smelting

of recovered aluminum waste products. This approach has significantly contributed to the
conservation of natural resources and sustainable development in the aluminum indus-
try [1–4]. The primary raw materials for secondary aluminum production include scrap
aluminum alloys from door/window frames, construction materials, and cable compo-
nents. The resulting recycled aluminum finds diverse applications across the transportation,
construction, electronics, and electrical appliance industries [5–7]. However, challenges
arise from the inherent complexity of scrap sources. The varied nature of aluminum waste
products containing multiple impurity elements leads to contamination risks and an in-
consistent raw material quality. This variability complicates the preservation of aluminum
product grades during recycling [8,9]. Excessive impurity elements can induce critical
defects in secondary aluminum products, including inclusions and cracks, which adversely
affect their mechanical properties, casting performance, and surface quality [10–13]. The
impurity content serves as a key indicator of melt cleanliness in secondary aluminum
processes [14,15]. Melt refinement emerges as a crucial purification stage in secondary
aluminum production, playing a pivotal role in developing high-quality aluminum alloys
and ensuring the final product’s integrity [16–18].
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Magnesium plays distinct roles in various aluminum alloys. It serves as an alloying
element in Al-Mg and Al-Si-Mg alloys but acts as an impurity in A356, A380, and A390
alloys. The composition of these alloys must be meticulously controlled to ensure optimal
mechanical properties [19,20]. Barrera et al. [21] demonstrated that adding SiO2 beneath
molten aluminum at elevated temperatures oxidized the Mg to form MgO, which was
removed as slag. This method reduced the Mg content from 1.2% to 0.02%. A novel
composite fluxing system utilizing a NaCl matrix with MnCl2 additives was developed
in the current study. The application of this fluxing during melt refinement operations
resulted in a notable Mg reduction within regenerated aluminum melts. The optimized
fluxing composition enhanced Mg removal efficiency through combined chemical reactions
and physical adsorption mechanisms.

In electrical-grade aluminum, V and Ti emerge as critical conductivity inhibitors.
These elements induce lattice distortion through solid solution effects, significantly degrad-
ing the electrical performance [22–24]. Ludwig et al. [25] further revealed that excessive
V content promotes abnormal grain growth in A356 alloys, compromising their mechan-
ical properties. Despite these findings, research on the simultaneous removal of Mg, Ti,
and V impurities from secondary aluminum remains limited. While aluminum–boron
master alloys have shown effectiveness in primary aluminum purification, their applica-
tion mechanisms and performance enhancement in secondary aluminum systems require
systematic investigation.

This study addresses these research gaps through a comprehensive analysis of flux-
refined secondary aluminum alloys. Microstructure evolution and mechanical property
enhancement were systematically investigated through optical microscopy (OM), scanning
electron microscopy (SEM), and electron backscatter diffraction (EBSD) under varying flux-
ing conditions and aluminum–boron master alloy additions. Technical challenges exist in
the large-scale industrial implementation of refinement techniques such as electromagnetic
stirring and ultrasonic treatment. The developed strategy enables a simultaneous enhance-
ment of strength and ductility in secondary aluminum alloys without requiring process
modifications, demonstrating significant potential for the industrial-scale production of
high-performance secondary aluminum materials.

2. Experimental
2.1. Materials

The secondary Al-Si alloy feedstock was sourced from a professional industrial sup-
plier in Guizhou Province (Guizhou Yingjuheng New Materials Co., Ltd, Liupanshui,
China). Following standardized remelting and casting procedures, the chemical composi-
tion was determined by optical emission spectroscopy (OES) and is detailed in Table 1. The
analysis revealed that the alloy consisted of 96.8 wt.% Al and 1.94 wt.% Si as the primary
constituents, with trace elements comprising the remaining 1.26 wt.%. Aluminum–boron
master alloys (the boron content was 3.29 wt.%) were procured from specialized manu-
facturers in Zhejiang Province (Junli metal auxiliary materials, Taizhou, China). Figure 1
presents the XRD characterization of the fluxing, demonstrating that its crystalline compo-
sition was dominated by NaCl and MnCl2, with minor Na2SO4 phases. This crystalline
salt matrix was specifically formulated for enhanced impurity adsorption capacity during
melt refinement.
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Table 1. Composition of secondary Al-Si alloys’ raw materials.

Element Al Si Fe Cu Mn Mg Ti V

Content
wt.% 96.8 1.94 0.736 0.212 0.0516 0.0188 0.0225 0.0221
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Figure 1. XRD pattern of the fluxing used in the experiment.

2.2. Experimental Procedure

In this study, secondary Al-Si alloy ingots were utilized as raw materials. The sec-
ondary Al-Si alloy’s raw material was sectioned into 200 g specimens and loaded into a
corundum crucible. The furnace was heated to 400 ◦C at a ramp rate of 7 ◦C/min and
held at this temperature for 20 min to ensure the thermal equilibrium of the crucible.
Subsequently, the temperature was elevated to 780 ◦C, at which point aluminum–boron
master alloy strips were introduced into the molten aluminum. The melt was maintained at
780 ◦C for 20 min to ensure the complete dissolution of both the secondary Al-Si alloys
and aluminum–boron master alloy (0.4 wt.%–0.8 wt.%). The fluxing was incorporated
(0.3 wt.%–0.7 wt.%) encased in aluminum foil and stirred thoroughly after 2–3 min. After
25 min of refining, slag was removed from the melt through a bottom-to-top skimming
procedure. The purified aluminum melt was allowed to settle for 0–120 min to facilitate the
impurities’ sedimentation before being cast into a preheated graphite mold (200 ◦C). An
overview of the experimental methodology is illustrated in Figure 2.

Tensile specimens were fabricated in strict compliance with the Chinese National
Standard GB/T228-2002 [26]. For the microstructure analysis, cubic samples with nominal
dimensions of 10 mm × 10 mm × 3 mm were cut and prepared. The sample surfaces were
sequentially ground with silicon carbide abrasive papers ranging from 1000 to 5000 grit.
Subsequently, electropolishing was carried out in a solution of 5% HClO4 and 95% C2H5OH
under a constant voltage of 20 V for 20 s. Finally, the samples were chemically etched
using a mixed-acid solution containing 2% HCl, 3% HNO3, and 5% HF to enhance the
microstructural visibility.
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Figure 2. The main experimental flow of this study. (a) Secondary Al-Si alloy ingot cutting,
(b) Refining secondary Al-Si melt by adding fluxing and aluminum-master boron alloys, (c) Casting
secondary Al-Si liquid into a rod shape.

2.3. Characterization Devices

The chemical composition of the secondary Al-Si alloy raw material and refined
samples was quantitatively characterized using optical emission spectroscopy (OES; SPEC-
TROMAXx LAMMO5, SPECTRO, Kleve, Germany). Microstructural features, including
grain morphology, were examined via optical microscopy (OM; SOPTOP ICX4IM, SOPTOP,
Ningbo, China). Scanning electron microscopy (SEM; OXFORD EM-30PLUS, COXEM,
Beijing, China) analysis was conducted with a gold sputtering current of 10 mA. Phase iden-
tification was performed by X-ray diffraction (XRD; Bruker D8 Advance, Bruker, Germany)
using a Cu Kα radiation source over a 2θ range of 5–90◦ at a scanning rate of 10◦/min.
Mechanical properties were evaluated using an electronic universal testing machine (MTS
E45.105, MTS, Dongguan, China) under a constant crosshead speed of 1 mm/min.

3. Results and Discussion
3.1. Melt Refining

Systematic experimental validation revealed that the concentrations of additional
impurity elements remained largely unchanged compared to the raw material. The po-
tential influence of other impurity elements (e.g., Fe) on the mechanical properties lies
beyond the scope of the present investigation. This study investigated the mechanisms for
removing Mg, Ti, and V impurities from secondary Al-Si alloy melts, with a focused analy-
sis of the effects of standing time, fluxing, and aluminum–boron master alloy dosage on
purification efficiency.

3.1.1. The Effect of Standing Time and a Single Additive

The effect of the standing duration on impurity removal efficiency in secondary Al-Si
alloys melts was studied under the following fixed parameters: a refining temperature
of 780 ◦C, refining time of 25 min, the addition of 0.5 wt.% fluxing, and the addition of
0.4 wt.% aluminum–boron master alloy. As shown in Figure 3a, the removal rates of Ti
and V initially increased with a prolonged standing time, followed by slight fluctuations.
The optimal standing time was found to be 60 min, which simultaneously achieved peak
removal efficiencies of Mg, Ti, and V.

The effects of separately added fluxing and aluminum–boron master alloy on the de-
contamination efficacy of secondary Al-Si alloys’ melt were examined under the following
parameters: a refining temperature of 780 ◦C, refining duration of 25 min, and standing
period of 60 min.

Figure 3b shows the dependence of Mg, Ti, and V removal rates on the addition of
fluxing. Under the condition of adding fluxing separately, the removal rate of Mg showed
a significant positive correlation with the fluxing dosage. The highest removal rate of Mg
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reached 86.2% when the fluxing addition was 0.7 wt.%. In contrast, the removal rates of
Ti and V remained relatively unaffected, indicating that fluxing primarily targets Mg’s
removal. Figure 3c illustrates the impact of adding aluminum–boron master alloy alone on
the removal of Mg, Ti, and V. The addition of aluminum–boron master alloy alone has a
distinct impact on the removal of Mg. This may be attributed to being associated with the
oxidation of Mg at elevated temperatures. The maximum removal rate of Ti reached 42.2%
at a 0.6 wt.% addition of aluminum–boron master alloy. The maximum removal rate of V
reached 37.6% with the addition of 0.7 wt.% aluminum–boron master alloy. Moreover, the
removal of Ti is more effective than that of V when the same amount of aluminum–boron
master alloy is added.
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3.1.2. Oxidative Removal of Mg and the Effect of Composite Addition

The oxidative removal mechanism of Mg was specifically investigated in this study
due to its persistent elimination, even under the addition of aluminum–boron master
alloy. Figure 4a presents temperature-dependent Mg removal behavior under additive-
free conditions, revealing a positive correlation between temperature (700–860 ◦C) and
Mg’s oxidation efficiency. Notably, mechanical stirring showed a negligible impact on
Mg removal below 780 ◦C. At a temperature of 780 ◦C during the stirring operation,
the elimination rate of the oxidized impurity element Mg is 50.0%. Consequently, the
elimination of the impurity element Mg in this study encompasses its oxidative removal.
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The impact of the composite addition of a fluxing and aluminum–boron master alloy
on the decontamination efficacy of secondary Al-Si alloys’ melt was examined under the
following parameters: a refining temperature of 780 ◦C, refining duration of 25 min, and
standing period of 60 min.

Figure 4b illustrates the impact of the addition of fluxing on the elimination of impurity
elements with the incorporation of 0.5 wt.% aluminum–boron master alloy. With the
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addition of 0.3 wt.% fluxing, Ti was removed at a rate of 24.4%, whereas V was removed
at a rate of 16.7%, both under the same conditions of the addition of aluminum–boron
master alloy.

The removal rates of Ti and V by the additive increased to 56.9% and 48.0%, respec-
tively, when the fluxing quantity was elevated to 0.4 wt.%. The elimination impact was
significantly enhanced. With the addition of 0.5 wt.% of fluxing, the total removal efficien-
cies for the impurity elements Mg, Ti, and V were 91.5%, 55.6%, and 45.3%, respectively,
indicating optimal performance. It was therefore decided to select a fluxing addition of
0.5 wt.%, presuming all other variables (refining temperature of 780 ◦C, refining duration
of 25 min, and standing period of 60 min) remained constant.

Figure 4c illustrates the curve depicting the removal of impurity elements by the
aluminum–boron master alloy with the incorporation of 0.5 wt.% fluxing. The removal of
the impurity elements Mg, Ti, and V is optimally attained with the addition of aluminum
boron master alloy at 0.6 wt.%, resulting in reductions of 89.9%, 68.9%, and 61.5%, re-
spectively, under identical fluxing circumstances. Under other constant conditions, the
additional amount of aluminum–boron master alloy is selected as 0.6 wt.%. The chemi-
cal composition of the sample obtained under the optimal refining conditions (0.5 wt.%
fluxing + 0.6 wt.% aluminum boron master alloy) is shown in Table 2. The analysis revealed
that the alloy consists of 96.9 wt.% Al and 1.93 wt.% Si as primary constituents, with trace
elements comprising the remaining 1.17 wt.%.

Table 2. Composition of secondary Al-Si alloys after refining.

Element Al Si Fe Cu Mn Mg Ti V

Content wt.% 96.9 1.93 0.723 0.209 0.0508 0.0019 0.0070 0.0085

Unlike the absence of fluxing, with the incorporation of 0.5 wt.% post-refinement, the
additive exhibited a significantly elevated rate of Ti and V elimination. This indicates that
the aluminum–boron master alloy may more efficiently eliminate Ti and V impurities from
the secondary Al-Si alloy melt when fluxing is incorporated. The impurity elements Ti and
V in the secondary Al-Si alloy melt react with the aluminum–boron master alloy, producing
impurity phases that are absorbed by the fluxing, ultimately resulting in the formation
of ash and removal. In conclusion, assuming all other variables are constant, the optimal
refining conditions were identified as a standing duration of 60 min, 0.5 wt.% fluxing, and
0.6 wt.% aluminum–boron master alloy.

3.2. Analysis of Secondary Al-Si Alloy Slag

The phase composition and elemental distribution of the purification slag were ana-
lyzed by XRD and scanning electron microscopy with energy-dispersive spectroscopy
(SEM-EDS) under optimal conditions (0.5 wt.% fluxing + 0.6 wt.% aluminum–boron
master alloy).

Figure 5 presents the XRD pattern of the secondary Al-Si alloy slag, revealing the
presence of highly crystalline Al2O3, MgO, MgCl2, TiB2, and VB2 phases. These crystalline
phases indicate that Ti and V impurities reacted with boron from the aluminum–boron
master alloy to form stable boride compounds (TiB2, VB2), while Mg was removed primarily
through oxidation and chlorination.

Figure 6a shows the SEM micrograph of the slag, showing irregularly shaped agglom-
erates with a heterogeneous morphology, consistent with efficient slag–metal separation.
Figure 6b shows a surface scan analysis of the ash elements. Combined XRD and SEM
analyses showed that the impurity elements Mg, Ti, and V were removed mainly in the
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form of MgO, MgCl2, TiB2, and VB2 into the gray slag after the composite addition of the
melt and aluminum–boron master alloy.

Metals 2025, 15, x FOR PEER REVIEW  7  of  17 
 

 

 

Figure 5. XRD pattern of ash residue. 

 

Figure 6. (a) SEM image of secondary Al-Si alloy slag, (b) Scanning analysis of secondary Al-Si alloy 

slag’s elemental surface. 

3.3. Characterization 

3.3.1. OM Analysis 

Grain size distribution in the tested samples was quantified using ImagePro 6.0 soft-

ware. Figure 7 summarizes  the microstructural characteristics under different purifica-

tions. Figure 7a reveals coarse and irregular grain boundaries in the as-received secondary 

Al-Si alloys, with an average grain size of 513.2 µm. Porosity  (bright  regions) was ob-

served, indicating inherent material inhomogeneity. Figure 7b illustrates that the tissue 

defects of the test materials were improved, with an average grain size of 483.3 µm fol-

lowing the incorporation of 0.5 wt.% fluxing alone. Figure 7c shows the test sample with 

the addition of aluminum–boron master alloy alone, which has an average grain size of 

345.9 µm. Figure 7d illustrates that the average grain size of the test sample was 279.9 µm 

following the incorporation of 0.5 wt.% fluxing and 0.6 wt.% aluminum–boron master al-

loy.  The  samples  demonstrated  a  45.5%  grain  size  reduction  and  significant  grain 

Figure 5. XRD pattern of ash residue.

Metals 2025, 15, x FOR PEER REVIEW  7  of  17 
 

 

 

Figure 5. XRD pattern of ash residue. 

 

Figure 6. (a) SEM image of secondary Al-Si alloy slag, (b) Scanning analysis of secondary Al-Si alloy 

slag’s elemental surface. 

3.3. Characterization 

3.3.1. OM Analysis 

Grain size distribution in the tested samples was quantified using ImagePro 6.0 soft-

ware. Figure 7 summarizes  the microstructural characteristics under different purifica-

tions. Figure 7a reveals coarse and irregular grain boundaries in the as-received secondary 

Al-Si alloys, with an average grain size of 513.2 µm. Porosity  (bright  regions) was ob-

served, indicating inherent material inhomogeneity. Figure 7b illustrates that the tissue 

defects of the test materials were improved, with an average grain size of 483.3 µm fol-

lowing the incorporation of 0.5 wt.% fluxing alone. Figure 7c shows the test sample with 

the addition of aluminum–boron master alloy alone, which has an average grain size of 

345.9 µm. Figure 7d illustrates that the average grain size of the test sample was 279.9 µm 

following the incorporation of 0.5 wt.% fluxing and 0.6 wt.% aluminum–boron master al-

loy.  The  samples  demonstrated  a  45.5%  grain  size  reduction  and  significant  grain 

Figure 6. (a) SEM image of secondary Al-Si alloy slag, (b) Scanning analysis of secondary Al-Si alloy
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3.3. Characterization
3.3.1. OM Analysis

Grain size distribution in the tested samples was quantified using ImagePro 6.0 soft-
ware. Figure 7 summarizes the microstructural characteristics under different purifications.
Figure 7a reveals coarse and irregular grain boundaries in the as-received secondary Al-Si
alloys, with an average grain size of 513.2 µm. Porosity (bright regions) was observed,
indicating inherent material inhomogeneity. Figure 7b illustrates that the tissue defects of
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the test materials were improved, with an average grain size of 483.3 µm following the
incorporation of 0.5 wt.% fluxing alone. Figure 7c shows the test sample with the addi-
tion of aluminum–boron master alloy alone, which has an average grain size of 345.9 µm.
Figure 7d illustrates that the average grain size of the test sample was 279.9 µm following
the incorporation of 0.5 wt.% fluxing and 0.6 wt.% aluminum–boron master alloy. The
samples demonstrated a 45.5% grain size reduction and significant grain boundary re-
finement. This indicates that the matrix is purified by a precise amount of fluxing and
aluminum–boron master alloy. Grain boundaries become finer as a result of less impurity
aggregation at them [27–30]. Furthermore, the incorporation of aluminum–boron master
alloy can function as an inoculation, resulting in finer alloy grains and impeding grain
growth, thereby purifying the grains [31–33].
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3.3.2. SEM-EDS Analysis

Figure 8 shows an SEM micrograph of a secondary Al-Si alloy composed of α-Al den-
drites and rich-silicon phases. Figure 8a presents the SEM micrograph of the raw secondary
Al-Si alloys, revealing surface contamination and structural defects. The corresponding
elemental maps (Figure 8(a2,a7)) demonstrate heterogeneous distributions of Mg, Ti, and V
impurities, consistent with the observed microstructural inhomogeneity. Energy-dispersive
spectroscopy analysis at Point 1 (Figure 8(a1)) identified a non-metallic inclusion domi-
nated by Al and O with an atomic ratio of 3:2 (O:Al), confirming the presence of an Al2O3

cluster. Figure 8b shows reduced porosity compared to the raw material, attributable to
the formation of MgO/MgCl2 slag. Figure 8c shows finer grain boundaries, indicating
boron-induced grain refinement. Figure 8d presents the SEM analysis of the test samples
incorporating the composite. The combination of fluxing and the aluminum–boron master
alloy effectively eliminates non-metallic inclusions in secondary Al-Si alloys, while also
affecting the impurity elements.
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3.3.3. Mechanical Performance

Figure 9a,b presents the stress–strain curves and tensile properties of the tested speci-
mens (60 min standing time), respectively. The raw material exhibited a tensile strength of
109.1 MPa, a yield strength of 71.8 MPa, and an elongation at break of 6.7%. With the addi-
tion of 0.5 wt.% fluxing, the tensile strength increased to 123.8 MPa (13.5% improvement),
the yield strength rose to 79.7 MPa (11.0% improvement), and the elongation at break
reached 7.8%, indicating a moderate enhancement in ductility and strength. In contrast,
the addition of 0.6 wt.% aluminum–boron master alloy resulted in a tensile strength of
135.3 MPa (24.0% improvement), yield strength of 84.5 MPa (17.7% improvement), and
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elongation at break of 10.2%, highlighting the role of boron-mediated grain refinement in
improving both strength and ductility. The synergistic combination of 0.5 wt.% fluxing
and 0.6 wt.% aluminum–boron master alloy achieved an optimal mechanical performance:
the tensile strength peaked at 140.4 MPa (28.7% increase vs. raw material), the yield
strength was 87.5 MPa (21.9% increase), and the elongation at break reached 10.6%. These
improvements are attributed to microstructural refinement and inclusion removal.
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3.3.4. EBSD Analysis

The arrangement of grain orientation substantially influences a material’s mechanical
properties. The material’s strength and fluidity are improved by an optimal distribution of
grain orientations, which promotes stress transfer and the movement of grain boundaries.
Figure 10a,b show the Inverse Pole Figure (IPF) map and the average grain orientation
difference plots of the raw materials. Figure 10c,d illustrate the IPF and average grain ori-
entation difference plots of the alloy samples with composite additions. In the IPF diagram,
grains with varying orientations are identified by their corresponding colors. Gray lines
denote small-angle grain boundaries (0◦ < θ < 15◦), whereas black lines signify large-angle
grain boundaries (θ > 15◦). According to the EBSD data, the average grain orientation
difference and the fraction of small-angle grain boundaries in the feedstock are 39.8◦ and
9.4%, respectively. The composite samples exhibited an average grain orientation variation
of 38.8◦ and a minor-angle grain boundary proportion of 21.7%. The fraction of small-angle
grain boundaries increases (130.9% improvement), but the average grain orientation differ-
ence decreases relative to the raw material. A reduced average grain orientation difference
in the metal material results in a more uniform structure, which enhances the material’s
mechanical properties. The distribution of the alloy’s grain orientation and the proportion
of small-angle grain boundaries can be regulated through the composite addition of fluxing
and aluminum–boron master alloy, hence influencing the alloy’s structural characteristics.

Larger Kernel Average Misorientation (KAM) values suggest a greater density of
dislocations in the grain’s substructure, indicating the magnitude of strain stored energy
inside the material. Figure 11 illustrates the KAM plots of the composite additive alloy
and the raw material samples. The composite additive alloy samples exhibited an average
KAM value of 0.42◦, whereas the raw material samples demonstrated an average of 0.40◦.
The composite addition elevated the alloy’s average KAM value, hence enhancing the
strain storage energy. The geometrically necessary dislocation (GND) density of a material
correlates with the local orientation discrepancy [34]. A higher geometrically necessary
dislocation density in the material correlates with increased strength. The geometrically
necessary dislocation density of the raw material is 1.4 × 1014 m−2, while that of the test
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alloy samples increases to 1.5 × 1014 m−2, indicating a significant enhancement following
the incorporation of 0.5 wt.% fluxing and 0.6 wt.% aluminum–boron master alloy in the
composite. EBSD results indicate that the incorporation of 0.5 wt.% fluxing and 0.6 wt.%
aluminum–boron master alloy significantly enhances the mechanical properties of the
experimental alloy.
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3.3.5. Fracture Analysis

Figure 12 illustrates the tension fracture morphology of the samples. Figure 12a
illustrates that the fracture of the raw material sample is predominantly deconvoluted,
featuring a limited number of shallow, small tough nests and smooth shrinkage defects
resembling grapes. Shrinkage defects impair the overall mechanical properties of the
alloy material. The fracture morphology of the samples after the addition of 0.5 wt.%
fluxing and 0.6 wt.% aluminum–boron master alloy is seen in Figure 12b,c. Compared to
the raw material, both sample groups exhibited significantly reduced shrinkage defects,
characterized by tough nests and localized tear ridges. Figure 12d illustrates the tensile
fracture morphology of the alloy samples with composite additions. Based on a certain
degree of metamorphic refinement in its alloy organization, the fracture exhibits numerous
tough nests, an increased tearing prism, and significantly enhanced plasticity, categorizing
it as a ductile–brittle fracture.
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boron master alloy, (d) composite addition.

The fractographic analysis revealed that the synergistic incorporation of 0.5 wt.%
fluxing and aluminum–boron master alloy resulted in the optimal enhancement of the
tensile properties of the recycled aluminum alloy. This combined modification strategy
demonstrated a statistically significant improvement in the both ultimate tensile strength
and elongation percentage compared to the raw material, as evidenced by quantitative
mechanical testing and the microscopic characterization of fracture surface morphologies.

3.4. Exploration of Refining Principles

Thermodynamic simulations were performed using FactSage8.0 software with an
integrated aluminum alloy database. At a refining temperature of 780 ◦C, the Gibbs
free energy change (∆G) for Mg oxidation (Reaction 1) was calculated to be negative,
confirming the spontaneity of Mg’s removal via oxidation. The MnCl2 component in the
fluxing reacted spontaneously with the secondary Al-Si alloy melt, generating MgCl2 and
AlCl3 (Reactions 2–3), both exhibiting negative ∆G values. During the addition of fluxing,
Mg in the melt combined with Cl to form MgCl2 and volatile AlCl3 (boiling point: 183 ◦C).
The low-density MgCl2 was efficiently scavenged by either fluxing slag or adsorption onto
rising AlCl3 bubbles, accounting for the observed 89.9% Mg removal efficiency.
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The elimination of the impurity elements Ti and V involves two primary proce-
dures. The aluminum–boron master alloy will rapidly dissolve upon the addition of
high-temperature aluminum liquid. In the secondary Al-Si alloy melt, the element B inter-
acts with the impurity elements Ti and V. Certain impurity elements, specifically Ti and
V, will be removed as TiB2 and VB2 during refining operations like stirring and slagging.
The residual impurity phases TiB2 and VB2 are eliminated during the precipitation process
from the secondary Al-Si alloys solution. Both reactions proceed spontaneously with a
negative change in Gibbs free energy (Reactions (4) and (5)).

2Mg(s) + O2(g) = 2MgO(s) ∆G780 ◦C = −873,331.3 J (1)

MnCl2(s) + Mg(s) = Mn(s) + MgCl2(s) ∆G780 ◦C = −121,607.3 J (2)

3MnCl2(s) + 2Al(l) = 3Mn(s) + 2AlCl3(g) ∆G780 ◦C = −176,200.0 J (3)

Ti(s) + 2B(s) = TiB2(s) ∆G780 ◦C = −321,583.7 J (4)

V(s) + 2B(s) = VB2(s) ∆G780 ◦C = −249,651.5 J (5)

A thermodynamic phase diagram was generated using FactSage8.0 software with
an integrated aluminum alloy database. This study focuses on the secondary Al-Si alloy
raw material, specifically aluminum liquid (Al-2Si-0.736Fe-0.0225Ti-0.0221V). Figure 13
illustrates the equilibrium phase diagram for the addition of B below 0.024 wt.%. The
TiB2 phase commences precipitation in the melt at temperatures below 1022 ◦C. The
cooling procedure facilitates the precipitation of TiB2, VB2, and other stages. The TiB2

phase preferentially precipitates in the melt, while the VB2 phase begins to precipitate
at temperatures below 797 ◦C. An increased temperature correlates with the enhanced
solubility of B in the melt. Furthermore, it can be shown that during the standing process
of secondary Al-Si alloys’ melting, the impurity elements Ti and V are removed by settling
in phases such as TiB2 with VB2 [35].
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4. Conclusions
The present study puts forth an eco-efficient purification strategy for secondary Al-Si

alloys through the synergistic application of 0.5 wt.% fluxing and 0.6 wt.% aluminum–
boron master alloy, achieving a simultaneous impurity removal and enhancement of
mechanical properties under industrially viable conditions. On the basis of the results
of the experimental investigation and the discussions made in the earlier sections, the
following conclusions can be drawn:

(1) The composite additive achieved removal efficiencies of 89.9% Mg, 68.9% Ti, and
61.5% V. The effect of aluminum–boron master alloy on the elimination of impu-
rity elements Ti and V can be improved by the use of fluxing. Grain refinement
and organization flaws can be improved by adding aluminum boron master alloy
and fluxing;

(2) The amalgamation of fluxing and aluminum–boron master alloy can modify the grain
orientation distribution of secondary Al-Si alloys and augment their geometrical
dislocation density, thus improving their mechanical properties;

(3) The tensile properties were considerably enhanced by the use of 0.6 wt.% aluminum–
boron master alloy and 0.5 wt.% fluxing. The yield strength was 87.5 MPa, the
elongation at break was 10.6%, and the tensile strength was 140.4 MPa, which was
28.7% greater than the raw material.
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