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Abstract: Increased adoption of recycled aluminum (Al) alloys in the automotive sector can provide several economic
and environmental benefits through vehicle lightweighting, decreased fuel consumption, and reduction in greenhouse
gas emissions. A major challenge in the adoption of secondary Al for a broader range of products is the accumulation of
impurity elements, as increased scrap use can result in the compositional drift of alloy streams, leading to degraded
mechanical and electrochemical properties. The objective of the current study is to demonstrate the use of rapid
solidification processing (RSP) to increase the potential adoption of recycled Al through refinement of microstructural
features and reduction of cracking. Cast ingots of an Al alloy 6061 (AA6061) were produced with iron (Fe) and zinc (Zn)
additions in amounts ranging from 0 to 1 wt% to simulate recycling impurities. Thermodynamic simulations were used
to predict the crack susceptibility of each alloy composition. Laser surface melting (LSM) trials were performed on plates
cut from each ingot to generate rapidly solidified microstructures. The simulation predictions and microstructure results
suggest that alloy impurity composition does influence the cracking behaviour observed in the laser melt pools, with both
Fe and Zn additions having a mitigating effect on the observed cracking behaviour. The results suggest that the adoption
of techniques such as additive manufacturing and laser welding could enable greater use of recycled Al alloys, advancing
their use for automotive applications.
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1. Introduction

Aluminum (Al) alloys find use in a wide range of applications across several industries and sectors owing to their good
combination of properties, such as a high strength-to-weight ratio, good corrosion resistance, high thermal
conductivity, etc. [1]. Recycled aluminum requires 95% less energy to produce compared to primary Al [2], reducing
overall energy consumption and greenhouse gas emissions in its lifecycle. However, a major challenge to increasing
the incorporation of secondary Al for use in commercial products is impurity tolerances, as increased levels of
impurities can cause changes in the material’s chemical and mechanical properties due to fundamental compositional
changes, such as the formation of the deleterious B-AlFeSi phase and changes to intergranular corrosion resistance [3—
5].

Iron (Fe) is a common impurity in Al and, at certain concentrations, can have an unwanted effect on the properties of
the Al due to the depletion of elements, such as Si, to form less desirable intermetallic compounds (IMC) and impact
corrosion resistance [1,6,7]. However, studies have found that increasing Fe content can also reduce susceptibility to
hot tearing (solidification cracking) through the formation of beneficial IMC networks and grain refinement [1,7-11].

Zinc (Zn) can also be a prevalent impurity in recycled Al alloys through the mixed recycling of galvanized scrap with
other Al parts [1]. Zinc has been shown to have minimal effects on the sequence in which precipitates form despite its
high solubility in Al [7]. Furthermore, the inclusion of Zn has been shown to form MgZn; precipitates in 6XXX series
alloys processed under varying conditions, which have desirable mechanical properties [4,12]. However, Zn has been
shown to negatively interact with the Q phase (AIMgSiCu) found at the grain boundaries, decreasing the intergranular
corrosion resistance [1,4,5,7,12]

High cooling rates have often been used to tailor the solidification microstructure, selectively forming IMCs that
contribute to the desired mechanical properties, refining the grain structure to reduce crack susceptibility, and
mitigating harmful contributory impurities [10,13—16]. The objective of this study is to investigate the effect that fast-
cooling rates, such as those characteristic of additive manufacturing (AM) processes, have on recycling-grade Al alloys
through the use of laser surface melting (LSM).

2. Materials and methods
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2.1. Materials and sample preparation

Six compositions of cast AA6061 with Fe and Zn contents varying between 0 and 1 wt.% were investigated in the
current study (Table 1). Details of the initial casting process used to fabricate the ingots are reported elsewhere [9].
Samples for LSM trials were prepared by machining 6.35 mm (%4”) thick slabs from the cast ingots. The surfaces of
each slab were sandblasted to reduce their laser reflectivity.

Table 1. A1 6061 cast compositions with varying Fe and Zn impurity contents as measured by spark OES (in wt.%, bal. Al).

Alloy Designation Fe Zn Si Mg Cu Cr Ti Mn
6061 0.04 0.00 0.64 1.23 0.30 0.15 0.15 0.14
6061 + 0.25 Fe 0.24 0.00 0.60 1.16 0.31 0.14 0.17 0.14
6061 + 1 Fe 0.96 0.00 0.58 1.20 0.29 0.14 0.16 0.16
6061 +1 Zn 0.05 0.98 0.62 1.24 0.31 0.15 0.14 0.14
6061 +0.25 Fe+1 Zn 0.24 0.99 0.60 1.21 0.30 0.15 0.15 0.14
6061 +1Fe+1Zn 0.95 1.01 0.59 1.20 0.30 0.15 0.15 0.15

2.2. Laser Surface Melting trials

Laser surface melting (LSM) was performed to create rapid solidification conditions characteristic of AM processes.
Trials were performed using a Liburdi Automation LAWS 250 laser directed energy deposition (L-DED) machine, with
a Nd: YAG laser (1064 nm, max power 1000 W, 2 mm spot size). Single melt tracks were produced for each alloy
composition specified in Table 1 using eight parameter combinations. Laser powers of 750 and 950 W and scan speeds
0f 200, 300, 400, and 600 mm/min were used, resulting in linear energy densities ranging between 75 and 285 J/mm.
Argon shielding gas at a flow rate of 10 L/min was used to protect the molten pool against oxidation. Each LSM track
was a minimum of 45 mm in length and spaced 8 mm apart.

2.3. Microstructural characterization and analysis

Transverse cross sections were taken at 5 mm, 10 mm, and 20 mm from the start of each single track for each alloy
composition and linear energy density condition, giving a total of 24 cross sections examined for each composition.
Optical microscopy was performed on all sample cross sections using a Keyence VHX-6000 to identify the presence of
cracks, pores, and intergranular liquid films. A VEGA3 TESCAN scanning electron microscopy (SEM) with back
scattered electron (BSE) and energy dispersive spectroscopy (EDS) detectors was used for higher magnification
imaging and chemical analysis.

3. Results and discussion

Optical micrographs of selected weld pools (black dashed lines) can be seen in Figure 1, in which several defects and
microstructural features can be seen. The quantitative analysis of all defects from all process combinations for all alloy
compositions considered is presented in Figure 1 ), in which the number of cross sections exhibiting specified defects
is presented.
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Figure 1. Optical microscopy of selected cross sections. a) 6061 950 W 600 mm/min b) 6061+1Fe 950 W 400 mm/min c)
6061+1Zn 950 W 200 mm/min d) 6061+1Fe+1Zn 750 W 400 mm/min e) Enlarged BSE SEM image of liquid film f) Quantitative
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analysis of defect frequency vs. alloy composition. Count refers to the number of cross sections (24 max) in which specified
microstructure features and defects were identified.

It can be seen from Figure 1 that the level of melt pool defects significantly decreased with increasing Fe content, with
negligible defects noted for compositions with 1 wt.% Fe (1Fe). The addition of Zn to the base AA6061 composition
also led to a decrease in cracking and an increase in liquid film formations. Liquid films can form at the end of
solidification as the last liquid to freeze between solidifying grains or when backfilling an existing solidification crack.
Gas porosity was observed across all compositions to varying degrees, with those containing 0.25 wt.% Fe having
slightly higher occurrences. No clear trends in defect prevalence were observed with varying linear energy density,
likely because all melt pools exhibited characteristics of conduction mode, resulting in minimal variation in melt pool
shape.

Elemental mapping using SEM-EDS show the prevalence of Mg,Si phases in the base 6061 cast material and the
formation of a crack propagating from the cast material into the remelt. The high levels of Si within the crack are
attributed to the use of colloidal silica during metallography preparation (Figure 2a). The 1Fe + 1Zn alloy (Figure 2b)
shows large eutectic particles enriched with Mg, Fe and Si, with refinement of these particles in the melt pool due to
rapid cooling. Furthermore, no cracking or other defects were observed, and Zn is uniformly dispersed within the
matrix.

Figure 2. SEM images and EDS elemental maps of a) 6061 b) 6061 + 1 Fe +1 Zn. Red dashed line indicates the melt pool
boundary.

To understand the composition-dependent crack susceptibility of AA6061 with Fe and Zn impurities, Kou’s cracking
index, which takes the maximum slope of the 7 vs. \f; curve up to the coalescence point (f;,) as shown in Error!
Reference source not found., was used [17]. In utilizing the criterion, a value of fs ¢, = 0.97 was selected [18].
ThermoCalc simulations using the Scheil-Gulliver model were performed for each composition listed in Table 1 to
obtain the T vs fs, curves in Figure 3.

The index predicted a mitigating effect of Fe on cracking, which is in good agreement with the experimental results
(Figure 1). Further examination using SEM-EDS analysis revealed a substantial increase in the volume fraction of
highly refined particles containing Fe, Mg, and Si in the 6061+1Fe+1Zn melt pool compared to the baseline alloy.
Previous studies have proposed that the formation of an interconnected network of fine a-AlFeSi particles resists
thermal stresses during cooling and mitigates cracking [8—10].
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Figure 3. a) T-Vfs curves for 6061, 6061 + 1 Fe, and 6061 + 1 Zn alloys with the max |dT/dVfs| values at the coalescence point
indicated. b) Comparison of CSlk values determined from T-fs"? plots, relative to base 6061 Al alloy (black dashed line)

1

The crack susceptibility predictions for Zn additions are not in agreement with experimental results, as the increase in
liquid volume after dendrite coherency in samples containing 1 wt.% Zn resulted in the increase of liquid film
formation rather than solidification cracks. However, this is represented as a steep temperature drop in the 7 vs. f;
curve, resulting in a large, predicted crack susceptibility. Moreover, it has been noted that Zn additions can alter the
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solidification temperature and increase fluidity of the liquid phase, which would impact crack resistance [7]. In the
SEM and EDS images seen in Figure 2b, Zn appears to be evenly distributed across both the cast material and the melt
pool, due to its high solubility in aluminum and does not appear to be forming any deleterious IMCs. Additionally, Zn
is known to form strengthening phases with magnesium that could also be contributing to the reduction of cracking in
the alloys. Further investigation into the influence of Fe and Zn impurities on LSM of AA6061 is ongoing.

4. Conclusion

The effect of using rapid solidification processing to mitigate the potentially deleterious effects of Fe and Zn on
AA6061 was investigated using laser surface melting trials. The following can be concluded from the results:

e Elevated Fe content led to reduced solidification defects compared to the baseline alloy, with increasing
concentrations having a greater impact. The addition of 1 wt% Fe led to the elimination of nearly all defects
related to solidification, notably cracking, regardless of other impurities.

e Elevated Zn content also reduced the quantity and severity of defects compared to base AA6061. Increased
intergranular liquid film formation across compositions was noted.

e Non-equilibrium solidification simulations and a crack susceptibility index were able to correctly predict the
mitigating effect of Fe on cracking but incorrectly predicted that elevated Zn levels would increase cracking.
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