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Abstract

Recycled aluminum alloys are pivotal for sustainable manufacturing, offering strength, durability, and environmental advan-
tages. However, the presence of iron (Fe) impurities poses a major challenge, undermining their properties and recyclability.
Conventional manufacturing processes result in coarse Fe-rich intermetallic compounds that limit the tolerance of Fe content
and negatively influence performance of advanced aluminum alloys. To address this, rapid solidification techniques like direct
strip casting have been explored. In this work, a detailed study of the strip cast microstructure was conducted by scanning
electron microscopy, electron backscattered diffraction and atom probe tomography. Our results reveal that alloys produced
by direct strip casting exhibit significantly refined microstructures and are free from coarse Fe-rich intermetallics, thereby
retaining the majority of Fe in solid solution. These findings indicate that strip casting significantly enhances Fe-tolerance
in aluminum alloys, making it an attractive process for future aluminum recycling, with implications for sustainable high-
performance applications.
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Introduction

Recycled aluminum alloys are indispensable materials in
The contributing editor for this article was Yongxiang Yang. today's sustainable manufacturing practices, offering a
compelling combination of strength, durability, and envi-
ronmental benefits. These alloys, derived from various
sources of aluminum scrap, hold significant potential for
reducing energy consumption and minimizing environmen-
tal impact when compared to primary aluminum production
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challenge: the presence of iron (Fe) impurities, which tend
to accumulate during recycling processes and severely com-
promise the alloys' properties and recyclability.

Fe, as the most common impurity in aluminum alloys,
plays a notorious role in diminishing their corrosion resist-
ance and mechanical properties. Unlike other metallic alloys,
aluminum has a very limited solubility for Fe, maximum
0.05 wt.% at 650 °C [3]. In conventional manufacturing,
Fe mostly forms coarse intermetallic compounds, such as
AlFe and AlFeMnSi, which not only exacerbate pitting cor-
rosion but also limit the tolerance of Fe content in high-
performance aluminum alloys. This constraint is particularly
detrimental in aerospace and marine industries demanding
low Fe levels, where the content is required to be less than
0.1 wt.% [2, 4]. Consequently, finding innovative solutions
to enhance the Fe tolerance of recycled aluminum alloys is
of paramount importance to promote their sustainability and
utilization in critical applications.

One promising avenue for overcoming the challenges
posed by Fe impurities in recycled aluminum alloys is
through rapid solidification techniques that offer the advan-
tage of refinement of the intermetallics. Direct strip cast-
ing is an advanced near-net-shape casting technique that
processes liquid aluminum directly into sheet, which offers
significant cost reduction and energy savings [5]. The solidi-
fication rate of direct strip casting is high, 10* to 10* °C/s
[6], leading to the formation of fine-grain microstructure
[5, 7]. In our previous work [8], direct strip casting has been
proven to effectively refine Fe-rich intermetallic compounds
in aluminum alloys and consequently enhance the alloy’s
corrosion resistance. This observation demonstrates the
immense potential of direct strip casting in improving the
recyclability of aluminum alloys. Nevertheless, a compre-
hensive examination of the microstructure generated through
direct strip casting in aluminum alloys remains unexplored,
which is essential for the future utilization of direct strip
casting within the aluminum recycling sector.

This contribution explores the effects of direct strip cast-
ing on the microstructure, intermetallics, and solid solution
composition of various Al-Fe alloys by using scanning elec-
tron microscopy (SEM), electron backscattered diffraction
(EBSD), and atom probe tomography (APT). This work
aims to pave the way for sustainable practices that not only
extend the recyclability of aluminum but also enable the uti-
lization of recycled alloys in high-performance applications
where Fe content is traditionally a limiting factor.

Materials and Experiments
In this study, we examined aluminum alloys with different

Fe concentrations. The specific chemical compositions of
these alloys are detailed in Table 1. The compositions were
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Table 1 Chemical compositions (wt.%) of the studied alloys

Alloy Fe Si Cu Al
Al-0.1Fe 0.11 0.029 0.003 bal
Al-1.0Fe 1.02 0.030 0.004 bal
Al-2.5Fe 2.48 0.029 0.005 bal

measured using inductively coupled plasma atomic emission
spectroscopy (ICP-AES). Fe content of 0.1 wt.% was chosen
because many high-performance aluminum alloys maintain a
tolerance threshold below 0.1 wt.%. To further our research
objectives, we intentionally elevated the Fe contents to 1.0
and 2.5 wt.%. In each case, the Fe content was controlled by
adding certain amounts of an Al-Fe master alloy. This was
done to assess the potential of direct strip casting in increas-
ing Fe tolerance within aluminum alloys and to highlight
the impact of Fe on both the microstructure and the overall
properties of the material.

The experiments on direct strip casting were conducted
using a lab-scale simulator, known as a dip tester, designed
at Deakin University. This dip tester simulates the initial
interaction between the molten material and the twin-roll
caster's rolls during the twin-roll direct strip casting process
[9]. The observed solidification rate reached approximately
500 °C/s. Each composition was produced through direct
strip casting. Additionally, an Al-2.5Fe alloy was crafted
using sand casting in a 3 kg rectangular mold, achieving a
solidification rate of about 0.1 °C/s, similar to traditional
industrial casting methods. The casting methods and cool-
ing rate measurements are described in more detail in our
previous work [8]. Sand casting was specifically chosen to
compare with direct strip casting for the highest Fe content
alloy because of their distinctively different solidification
rates and to highlight the impact of this on the relation-
ship between microstructure and local composition (and
hence, final product properties). Hardness results have been
included to indicate the impact on mechanical properties
between the two casting routes. Measurements were con-
ducted using a HWDC-7S Vickers hardness tester and a
1 kg load and the results represent the average of 5 hardness
measurements.

Samples SEM and EBSD observations were prepared by
taking sections perpendicular to the casting direction. The
sectioned specimens were manually ground and polished
with silicon carbide papers, followed by 6, 3 and 1 pm poly-
crystalline diamond suspensions. The initial polishing was
conducted with active oxide polishing suspension (OPS) for
2 min. To improve the sample quality for the EBSD charac-
terization, the samples were then polished by using vibra-
tion polishing with OPS for at least 12 h. SEM images were
taken using the backscattered electron (BSE) detector in a
JEOL JSM 7800F SEM instrument, equipped with energy
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dispersive spectroscopy (EDS) and EBSD detectors, with
an operating voltage of 20 kV. For the EBSD experiments,
the step sizes ranged from 0.5 pm. The EBSD scan data was
analyzed using HKL Channel 5 software (Oxford Instru-
ments HKL, Denmark).

APT experiments were conducted to determine the chem-
ical composition of the solid solution as well as the local dis-
tribution of elements. These experiments were performed on
a Local Electrode Atom Probe (LEAP 5000 XR, CAMECA)
instrument with a pulse fraction of 20%, a pulse repetition
rate of 250 kHz, a detection rate of 0.5%, and a specimen
temperature of 25 K. APT samples were electro-polished
with a standard two-step process [10]. APT data reconstruc-
tion and analysis was performed using CAMECA AP Suite
6 containing the Integrated Visualization Analysis Software
(IVAS). Background subtraction was performed using the
background correction tool in IVAS.

Results and Discussion

Figure 1 shows the BSE images of the studied alloys, com-
paring those produced via strip casting (Fig. la-c) with
the Al-2.5Fe alloy produced via sand casting (Fig. 1d).
Notably, the alloys produced through strip casting exhibit
an elongated grain structure aligned with the solidification
direction. This is consistent with the previous literature [8,
11]. Interestingly, the strip cast microstructure is increas-
ingly refined with increasing Fe content, as shown in Fig. 1
a-c. This phenomenon is attributed to the solute effect
that is traditionally explained through growth restriction
theory [12—-14]. As solidification progresses, the Fe in the
melt preferentially segregates in the liquid adjacent to the
solid-liquid interface, which impedes the movement of the
grain boundaries and thereby slows down the growth of the

(b) Al-1.0Fe_Strip casting
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Fig. 1 BSE imaging of the studied alloys: a Al-0.1Fe alloy produced by direct strip casting, b Al-1.0Fe produced by direct strip casting, ¢ Al-
2.5Fe produced by direct strip casting, and d Al-2.5Fe alloy produced by sand casting. SD represents solidification direction
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solid phase. Additionally, there are no discernible coarse
particles in the Al-0.1Fe and Al-1.0Fe strip cast alloys,
evident in Fig. 1 a & b, which suggests that most of the Fe
in these alloys remains in solid solution, preventing it from
diffusion and the formation of precipitates during the rapid
solidification. Unlike the Al-0.1Fe and Al-1.0Fe strip cast
alloys, the Al-2.5Fe alloy produced by direct strip casting
exhibits a combination of eutectic and elongated structure.
Furthermore, when examining the Al-2.5Fe alloy produced
via sand casting (Fig. 1d), the formation of coarse interme-
tallics with a needle-like morphology in the inter-dendritic
regions are observed. These intermetallics range in size
from 20 to 300 pm with an area fraction of ~20%. In con-
trast, these coarse intermetallics are absent in the strip-cast
Al-2.5Fe alloy, as shown in Fig. Ic.

To further investigate the difference in the microstructure
of the Al-2.5Fe alloys produced by sand casting and strip
casting, in-situ EBSD and EDS were carried out, as shown
in Fig. 2. It can be seen from Fig. 2a and b that the grains of
the Al-2.5Fe alloy produced by sand casting are significantly

coarser with an average diameter of 350 + 121 pm, which is
about 3 times larger than that observed in the Al-2.5 alloy
produced by strip casting (111.7 +54.5 pm). Grain refine-
ment through rapid solidification associated with strip cast-
ing has been reported previously in the literature [5, 15],
where high undercooling is achieved.

The EDS mapping result in Fig. 2c suggests that the
coarse needle-shape intermetallic phases in the sand cast
Al-2.5Fe alloy that are enriched in Fe are likely the Al;Fe
(sometimes described as Al,;Fe,) phase that is commonly
seen in Al-Fe binary alloys [8, 16, 17]. Due to the slow
solidification of sand casting, the following high-temperature
equilibrium eutectic reaction occurs: Liquid — a,, + Al3Fe,
which is known to occur over the temperature range from
652 to 655 °C in aluminum-rich alloys [16]. However, these
coarse Fe-rich particles are not observed in the alloy pro-
duced by direct strip casting (Fig. 2d). Instead, the EDS
result in Fig. 2d shows that there are refined eutectic Fe-
rich phases in the Al-2.5Fe alloy produced by strip casting.
Upon closer examination of Fig. 2b and d, it can be found

(c) Sand casting

(d) Strip casting

: 500pm : '

Fig.2 a and b are the EBSD-derived grain orientation maps for the
Al-2.5Fe alloys produced by sand casting and strip casting, respec-
tively. The inverse pole figure (IPF) color legend shown on the right
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applies to both EBSD images. ¢ and d are the corresponding EDS
maps for the Fe distribution within the same regions shown in (a) and
(b), although note the scale bar changes
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that the Fe-rich phase primarily forms along the low angle
boundaries, possibly dendritic boundaries. According to lit-
erature, the refined Fe-rich phase could be identified as the
metastable compound AlyFe,, previously observed in rapidly
solidified Al-Fe alloys, especially at cooling rates exceeding
20 °C/s [16]. The emergence of the metastable Fe phase dur-
ing rapid solidification can be attributed to the progressively
increasing supercooling and to the change in conditions for
nucleation and growth [16].

Atom probe tomography (APT) is the most accurate
tool for near atomic resolution concentration measurement
[18]. To determine the Fe content in solid solution, APT
analyses were carried out to evaluate the matrix Fe con-
centration of the Al-2.5Fe alloy material produced by sand
casting and strip casting. Figure 3 shows three-dimensional
reconstructions that map the atomic-scale distributions of

dimensions are on the order of a few tens of nm as shown
in Fig. 2. This suggests that both APT data represent the
matrix of the two alloys, proving invaluable for determin-
ing the chemical composition of the solid solution. In APT
analysis, time-of-flight-based mass-to-charge state spectrum
peak overlap occurs for AIH* and Fe?* isotopes at 28 Da,
and for AIH*, AIH** and Fe?*, at 29 Da. Here, this issue
was carefully addressed using the peak decomposition tool
within IVAS, by comparing the relative natural abundance
of the elemental isotopes. Table 2 gives the decomposed
and background-corrected composition of the matrix of the

Table2 Summary of the background-corrected Al and Fe contents
(at.%) in the matrix of the Al-2.5Fe alloy produced by sand casting
and strip casting, derived from the APT results

Al and Fe atoms (in cyan and pink colors, respectively) for  Casting Al Fe Hardness
these materials. Notably, both Al and Fe are uniformly dis- ‘ " )
persed within these data volumes for both material condi- Sand casting 97.42+0.15 0.2110.01 30.1+16
. . .. . . Strip casting 95.86+0.18 0.90+0.06 54.1+2.6
tions. It is not surprising that no discernible presence of
Fe-rich compounds was captured given the analysis volume  Hardness values of the two samples are also presented
Fig.3 Reconstructed APT maps a) Sand cast: Al-2.5Fe
of Al (cyan) and Fe (pink) for ( ) = x
the Al-2.5Fe alloys produced Al Fe
by a sand casting and b strip
casting
20 nm
(b) Strip cast: Al-2.5Fe
Al
E—— 1 N
L 20 nm
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Al-2.5Fe alloys produced via sand casting and strip casting.
It can be seen that the amount of Fe in solid solution of the
strip cast Al-2.5Fe alloy is~0.90+0.06 at.% (1.90+0.13
wt.%), which is significantly higher than that of the alloy
produced by sand casting at 0.21 +0.01 at.% (0.44 +0.02
wt.%). This indicates that more Fe is retained in the solid
solution during strip casting compared to traditional sand
casting. Conversely, the loss of Fe (~0.60 wt.%) in the solid
solution of the Al-2.5Fe alloy produced by strip casting still
results from the formation of metastable AlyFe, compounds,
as shown in Fig. 2d. Nevertheless, comparison of the SEM
and APT results for the two alloy manufacturing processes
highlights the capability of direct strip casting to avert the
formation of coarse Fe intermetallics by forcing Fe into the
solid solution by almost 10 times as much. The measured Fe
content in solid solution in the sand-cast alloy exceeded the
equilibrium solubility (0.03 at.%) [19, 20] and this could be
due to a couple of factors. Firstly, non-equilibrium solidifi-
cation could occur in some regions where Fe atoms might
get trapped within the solid solution [16]. Secondly, there
could be Fe micro-segregation commonly seen in traditional
casting processes [21, 22], particularly inter-dendritic areas
where the Fe concentration is higher. Notwithstanding, the
marked difference observed between the two samples clearly
indicates that strip casting retains a higher amount of Fe in
solid solution. Furthermore, these differences in local com-
position related to the microstructure affect the mechanical
properties of the alloy. By way of example, hardness results
have also been included in Table 2 that show the signifi-
cantly higher hardness of the Al-2.5Fe alloy produced by
strip casting compared to that produced by sand casting.

In summary, the detailed microstructural analyses pre-
sented in this work demonstrate that direct strip casting has
the capability to refine the grain microstructure, free from
coarse intermetallics, and retain a considerable amount of
Fe in solid solution in Al-Fe alloys. This contrasts with the
material from traditional sand casting, where coarse and
needle-shaped Fe intermetallics dominate the microstruc-
ture with much less Fe in the matrix. The absence of these
coarse and needle-shaped Fe intermetallics in the strip-cast
aluminum alloys has been reported to improve the alloy’s
corrosion resistance significantly [8]. In addition, as the
Fe content in solid solution increases, the strip-cast micro-
structure is increasingly refined, which further improves the
corrosion performance of the alloy [23, 24]. Furthermore,
increasing the Fe content in solid solution coupled with
grain refinement can enhance the alloy strength through
a combination of solid solution hardening and Hall-Petch
strengthening, and the absence of coarse and needle-like Fe
particles can serve to avoid ductility loss. These properties
are especially advantageous for alloys with high Fe content
that demand high ductility, such as 1xxx aluminum alloys
[16]. As such, this work demonstrates the transformative
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potential of direct strip casting in aluminum alloy recycling,
particularly to enhance the tolerance of Fe typically consid-
ered a harmful impurity, yet frequently accumulated during
aluminum recycling processes.

Conclusions

1) Alloys produced by strip casting exhibited an elongated
grain structure aligned with the solidification direction,
with the microstructure increasingly refined with higher
Fe content.

2) In contrast, the sand-cast Al-2.5Fe alloy exhibited
coarser grains with an average diameter approximately
three times larger than strip-cast Al-2.5Fe. Additionally,
coarse needle-shape Fe-rich intermetallic phases were
found in the sand cast alloy, while these were notably
absent in the strip-cast counterpart.

3) APT analysis of the strip-cast Al-2.5Fe alloy measured
the Fe content in solid solution to be 1.90+0.13 wt.%,
which is significantly higher than that measured in the
sand-cast alloy (0.44 +0.02 wt.% Fe).

4) Rapid solidification during direct strip casting can sub-
stantially enhance the tolerance of aluminum alloys to
Fe, rendering it an appealing process for future alu-
minum recycling endeavors.
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