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ABSTRACT
Achieving superior mechanical properties of Al alloys with high content of Fe impurities is very
challenging. Here, a feasible method was applied to accommodate high Fe content (∼2.2 wt.%)
and obtain superior strength in an Al–5Mg2Si–2Mg–2Fe alloy by using additive manufacturing.
Heterogeneous distribution of Fe, including a high number density of α-Al12(Fe,Mn)3Si particles
distributed at the melting pool boundary and excessive Fe segregated along the cell
boundaries that divided by Mg2Si eutectics, was verified as the beneficial factor for the alloy
design and strength enhancement. In addition to the heterogeneous grains that contain fine
cells, the interactions between dislocations and coherent Mg2Si eutectics and the α-Al12(Fe,
Mn)3Si particles played an important role in improving the mechanical properties. This work
represents a breakthrough in recycling high-strength Al alloys with extremely high Fe doping
for green industrial application through additive manufacturing.
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1. Introduction

Carbon-neutral has been globally set as an achievable
goal for dealing with climate change in coming
decades (Mallapaty 2020; Christensen and Bisinella
2021). The reduction of energy consumption in materials
and structural manufacturing is an effective approach to
achieving sustainable development for carbon-neutral.
Among all available metallic materials, Al alloys have
attracted much attention as candidate metals in struc-
tural applications, particularly when properties such as
high specific strength are highly desired (Sun et al.
2019; Li et al. 2020). With the increasingly importance
of circular economy and environmental concerns, the
application of recycled Al alloys is becoming increasingly
attractive. It is worth noting that compared with the pro-
duction of primary Al alloys, recycling consumes only 5–
10% of the total energy spent on primary ingot pro-
duction in addition to reduce greenhouse gas emissions
(Kevorkijan 2013; Gaustad, Olivetti, and Kirchain 2012;
Nakajima et al. 2010). However, the recycled Al alloys
are usually downgraded in mechanical properties
(Zhang et al. 2012). The accumulation of impurities in

recycled Al alloys is a significant and long-term barrier,
posing a bottleneck to their widespread use in industry.
Therefore, the solutions to diminishing the detrimental
effects of impurity elements or to tune these to ben-
eficial effects are scientifically and technically vital.

On the different impurities in various Al alloys, Fe is
always problematic because of its low equilibrium solu-
bility in α-Al solid solution (maximum ∼0.052 wt.%) and
the easy picking up during manufacturing (Ji et al. 2013).
Most commercial wrought and cast Al alloys have Fe
impurity around 0.2 wt.%, which increases further to a
level of 0.3–0.8 wt.% or higher during recycling (Belov,
Aksenov, and Eskin 2002), and its removal from Al
melts is energy intensive and severely limited for ther-
modynamic reasons (Gaustad, Olivetti, and Kirchain
2012; Nakajima et al. 2010; Paraskevas et al. 2015). To
diminish the detrimental effects of Fe, several different
metallurgical solutions were used, i.e. (1) to avoid the
formation of low symmetry Al–Fe or Al–Fe-Si com-
pounds by lowering Fe levels as low as economically
possible; (2) to modify the crystal structures from low
symmetry compounds to high symmetry lattice types
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in castings (Narayanan, Samuel, and Gruzleski 1995) and
(3) to refine the intermetallics by physical approaches
including the use of superheated melt, solidification
under high cooling rate (CR), and/or melt treatment
(Fang et al. 2007). Unfortunately, it remains challenging
to develop processes and/or methods suitable for indus-
trial application of recycling Al alloys with high Fe con-
tents (i.e. >1 wt.%).

Due to the rapid CR and complex thermodynamics of
metal-based additive manufacturing (AM) process
(Zhang et al. 2023; Zhang et al. 2019; Ding et al. 2022;
Momeni et al. 2022), some unique advantages can be
realised. First, the solid solubility limit can be improved
significantly (Zhou et al. 2019; Sun et al. 2022); the
unconventionally large amounts of slowly diffusing
metal and/or rare earth elements, such as Sc and Zr,
can now be placed into the solid solution, which is not
possible in the traditional metallurgy processes (Li
et al. 2020; Kuo et al. 2020). Second, AM process has a
potential to change the sequence of phase formation
(Sun et al. 2021; Zhu et al. 2022). It was found that the
dendritic regions in the Al0.5CoCrFeNi alloy only consists
of the primary face-centred cubic (fcc) phase because
the B2/body-centred cubic (bcc) phase is kinetically sup-
pressed by the fast CR (Sun et al. 2021); the uncommon
metastable (Mg,Zn,Cu)-rich icosahedral quasicrystal (I-
phase) aligned as a filigree skeleton could be detected
in the additively manufactured AlZnMgCuScZr alloy
(Zhu et al. 2022). Third, the excessive Al/Si (Sun et al.
2021), Cr (Voisin et al. 2021), Mn (Wei et al. 2022) and
even for refractory metal elements Mo (Gao et al.
2020) and Zr (Li et al. 2020) have been found to segre-
gate at cell boundaries. The cell boundary segregation
engineering has been proved to deliver grain refinement
and inhibit the formation of hot tearing and brittle inter-
metallic compounds (Li et al. 2020; Sun et al. 2021; Voisin
et al. 2021; Gao et al. 2020). However, whether AM can
apply these advantages to Al alloys with high Fe
content is still unknown.

It has been recently shown that the addition of extra 2
wt.% Mg reduced the solidification range and improved
the eutectic level in the Al–5Mg2Si alloy fabricated by
laser powder bed fusion (LPBF), which delivered superior
yield strength (295.0 MPa) and elongation (9.3%) (Yang
et al. 2021). The novel alloy with low cost and good
formability has great potential applications in industry.
Based on our long-term studies on Al alloys and their
recycling (Yang, Ji, and Fan 2015; Zhu et al. 2021), in
this work we try to employ LPBF further to control soli-
dification and accommodate the extremely high Fe
content (∼2.2%) and investigate Fe distribution in the
Al–5Mg2Si–2Mg alloy. The high Fe doping is experimen-
tally proved to be beneficial for the alloy design and

strength enhancement, demonstrating that additive
manufacturing is an effective strategy to mitigate the
detrimental effects of unwanted impurities in recycled
Al alloys for industrial applications.

2. Experimental section

2.1. Powder and materials fabrication

Pre-alloyed Al–5Mg2Si–2Mg–2Fe alloy powder was pro-
duced by gas atomisation. High purity argon was used
as the protective atmosphere to avoid oxidisation
during atomisation. Chemical composition of the pre-
alloyed powder was analysed by inductively coupled
plasma atomic emission spectrometry (ICAP 7000
Series) and given in Table 1. The powder particles were
of spherical morphology with a few of smaller satellite
particles (Figure 1a). Few flaws were observed in the
cross-section of the powder particles, and fine eutectic
Mg2Si phase 2–5 μm in size was distributed between
α-Al dendrites (Figure 1b and c).

The LPBF process was conducted using an FS271
(Farsoon, Inc., China) machine equipped with an
ytterbium fibre laser (IPG YLR-500-WC, Germany).
The parameters were adopted as follows: laser beam
diameter, laser powder (P), scan speed (v), hatch
spacing (h) and layer thickness (t) are 90 μm, 270 W,
1000 mm/s, 0.10 and 0.05 mm, respectively. The
samples were built layer-by-layer on a plate of 6061
Al alloy, which was grit-blasted with alumina prior to
installation. The laser scanning strategy was set to be
67° rotating scanning layer-by-layer, as shown in
Figure 1(d). Ageing was carried out in an electric resist-
ance furnace that was preheated to a given tempera-
ture and maintained the temperature consistently for
at least 1 h before putting the as-LPBFed samples into
the chamber of the furnace. The ageing temperature
and time were 180°C and 3.5 h respectively. The
samples were taken out from the furnace for air
cooling after ageing.

2.2. Microstructural characterisations

Phase constituents were identified by X-ray diffraction
(XRD) using a Rigaku X-2000 diffractometer with Cu Kα
radiation (λkα = 1.54 Å) at 40 kV. The spectra were
recorded in the angular range of 30–80° (2θ) with the

Table 1. The composition of experimental Al–5Mg2Si–2Mg–2Fe
powder calibrated by ICP-AES.
Alloys Mg Si Mn Fe Others Al

Al–5Mg2Si–2Mg–2Fe (wt.%) 5.40 2.64 0.80 2.22 <0.08 Bal.
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scanning step of 0.05°. The dislocation density was esti-
mated by means of the Williamson–Hall method (Cau-
wenbergh et al. 2021) based on the XRD pattern.
Microstructure features of the alloy were analysed
using multiple electron microscopes. Scanning electron
microscope (SEM) and electron backscattered diffraction
(EBSD) orientation mappings were conducted in an FIB
Helios NanoLab G3 UC system equipped with a Hikari
camera and the TSL OIM data analysis software for
EBSD. Before SEM and EBSD, the samples were polished
using 40 nm colloidal silica suspension. Detailed micro-
structure was further characterised using transmission
electron microscope (TEM: Tecnai G2 F20) operating at
200 kV. TEM samples were prepared by combination of
mechanical polishing and precision ion polishing
system (PIPS) at a voltage/an incident angle of 2–5 kV/
3–8°. The average diameter and volume fraction of the
fine cell (typical structure of LPBF) and in-situ particles
are measured by Image-Pro Plus with high angle
annular dark field (HAADF) TEM images. All the micro-
structural characteristics were detected along the hori-
zontal direction of samples.

2.3 . Mechanical tests

Dog-bone-shaped tensile samples were with a gauge
length of 30 mm and cross-section of 4 mm× 2 mm, as
indicated in Figure 1(e). Both sides of the specimens
were carefully ground to a 2000 grit finish using an SiC
paper. Uniaxial tensile tests were performed using a
material testing system (MTS Alliance RT30) at room
temperature with an engineering strain rate of 1 × 10−3

s−1. Square-shaped samples (10 mm× 10 mm× 2 mm)
were used for micro-hardness test by Vickers hardness
(ASTM E384-08) under a load of 100 g for 15 s. Each
reported data was the average of at least three to five
measurements.

3. Results and discussion

3.1. Microstructure

LPBF method with high solidification velocity (SV) and
large thermal gradient (G) usually promotes the for-
mation of unusual microstructure (Zhang et al. 2019;
Zhou et al. 2019; Sun et al. 2022). The hierarchical

Figure 1. SEM image showing (a) the surface morphologies and (b,c) the cross-sectioned morphologies of pre-alloyed Al–5Mg2Si–
2Mg–2Fe powder; (d) schematic diagram of laser beam scanning procedure; (e) optical micrograph showing the tensile samples
and square samples; (f) XRD spectra of the Al–5Mg2Si–2Mg–2Fe alloy under as-LPBFed and as-aged conditions.
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microstructure of the Al–5Mg2Si–2Mg–2Fe alloy is domi-
nated by the melting pools (Figure 2a). The equiaxed
cells (∼0.58 µm) with boundaries of Mg2Si eutectics
and a small number of nano-sized white particles are
detected in the zone of melting pool centre (MPC,
Figure 2b), while a large amount of white particles are
observed in the zone of melting pool boundary (MPB,
Figure 2c). The equiaxed cells existed across the whole
sections (see deep etching image in Figure 2d), with
the only difference being the relatively coarse grains in
the MPB zone. TEM images in Figure 2(e–f) show that
the eutectics are composed of Mg2Si particles and the
numerous white particles (10–100 nm in size) are distrib-
uted in the MPC zone and MPB zone, respectively.

Details of microstructure and the interface between α-
Al matrix and Mg2Si/particles are shown in Figure 3(a–d).
High-resolution (HR) TEM image (Figure 3c) and inserted
selected area electron diffraction (SAED) pattern (L1)
imply that there is an orientation relationship (OR) at
the interface of Al/Mg2Si: [011](020)//[�112](1�11). The
Mg2Si phase is coherent with α-Al matrix along [�112]
direction, with an interplanar spacing of 0.206 nm for
(020)Al plane of α-Al matrix and 0.394 nm for (1�11)Mg2Si

plane of Mg2Si phase. Previous study has shown that
the formation of Al–Mg2Si eutectics in as-LPBFed Al
alloys helps to mitigate hot cracking by eutectic feeding
during solidification (Li et al. 2020).

It is worth noting that the interface of Al/particle have
a coherent OR with [110](111)//[110](111) (Figure 3d).
The particle is coherent with α-Al matrix along [110]

direction, with an interplanar spacing of 0.925 nm for
(111) plane of the particle. The interface of Al/particle
also have a coherent OR with [001](020)//[001](020)
(Figure S1). A coherent OR between Al matrix and
Mg2Si as well as particles builds a solid basis for the duct-
ility of alloy (Yang et al. 2021). Meanwhile, HR-TEM
images in Figure 3(c2,d2) indicate the interactions
between dislocations and Mg2Si as well as particles.
The elastic energy introduced by the lattice misfit at
the interface provides the required driving force for
the formation of interfacial dislocations, thus providing
a solid basis for the strength of alloy (Røyset and Ryum
2015).

LPBF method with high SV and large G also promotes
element segregation (Li et al. 2020; Sun et al. 2021;
Voisin et al. 2021; Wei et al. 2022). The elemental
mapping of the MPC zone and MPB zone is shown in
Figure 3(e, e1–e5) and Figure 3(f, f1–f5), respectively.
Mg and Si are distributed along the cell boundaries,
confirming that Al–Mg2Si eutectics are formed in a
divorced approach and no traditional lamellae structure
is present in the eutectic cells. Figure 3(f, f1–f5) confirm
that the in-situ particles distributed at the MPB zone
are enriched in Al, Fe, Mn and Si elements. It is also
noted that a low number density of particles distributed
within or at the cell boundaries are α-Al12(Fe,Mn)3Si,
clarified by the elemental mapping and EDS point analy-
sis in Figure 3(b) (see Table 2). Similar microstructure has
been reported in Al–6Mg–2.3Si–0.8Mn–0.3Fe (wt.%)
alloy (Warmuzek et al. 2021). Remaining Mn is presented

Figure 2. (a–d) SEM and (e,f) TEM images showing the microstructure of as-LPBFed Al–5Mg2Si–2Mg–2Fe alloy; (a) the overall micro-
structure; (b,c) the detailed microstructure in zone L1 and zone L2, respectively; (d) the overall microstructure after deep etching; (e)
BF-TEM image showing the detailed microstructure in zone L1; (f) STEM image displaying the detailed microstructure in zone L2.

4 J. WANG ET AL.



within α-Al matrix, while Fe segregates at the cell bound-
aries. The average compositions of different regions
measured by quantitative TEM/EDX analysis are shown
in Figure S2 and Table 2. The solid solubility of Fe at
high CR significantly increased to 0.22–0.25%, compared
to the low value of ∼0.052 wt.% in cast/wrought Al alloys
(Ji et al. 2013); Fe content at the cell boundaries is up to
∼13.52 wt.%. Additionally, EDX showed that Fe concen-
tration in the MPB zone is ∼2.04 wt.%, higher than ∼1.83
wt.% in the MPC zone.

SEM and TEM micrographs of as-aged Al–5Mg2Si–
2Mg–2Fe alloy are shown in Figures 4 and 5. Similarly
to the as-LPBFed alloy, the typical microstructure is con-
trolled by melting pools. The equiaxed cells with bound-
aries of Mg2Si eutectics and a small number of α-Al12(Fe,

Mn)3Si particles are detected in MPC zone (Figure 4b),
while a large amount of α-Al12(Fe,Mn)3Si particles are
observed in MPB zone (Figure 4c). Moreover, BF-TEM
and STEM images (Figure 4d,e) show the existence of
boundary between MPC where eutectic Mg2Si phase
enriches and MPC where α-Al12(Fe,Mn)3Si particle
enriches. Particularly, nano-sized in-situ Mg2Si particles
(about 5–15 nm in size) are detected in the eutectic
cell zones (Figure 4f), indicating that a subsequent
direct aging exhibits strong precipitation strengthening
effects. In the XRD spectra in Figure 1(f), the peaks of
Mg2Si in the as-LPBFed samples are weaker than those
in the as-aged samples, indicating that more Mg2Si
phases were formed during ageing, which is also the
potential reason that the peak of (111)Al in the as-
LPBFed alloy shifts to a higher 2θ angle. Within the
cells, the α-Al12(Fe,Mn)3Si particles are of a relatively
low density, as shown by the STEM image in Figure 4(g).

BF-TEM and HR-TEM images of the in-situ Mg2Si par-
ticles within cell boundaries are shown in Figure 5(a
and b). The Mg2Si eutectic phase along [011] direction,
with an interplanar spacing of 0.385 nm for (11�1)Mg2Si

planes of the Mg2Si eutectic phase, and 0.374 nm for
(11�1)Mg2Si planes of in-situ Mg2Si particles, as shown in
the fast Fourier transform (FFT) patterns (L1&L2).

Table 2. Average compositions (wt.%) of the different regions
measured by quantitative TEM/EDX analysis (Figure 4b and
Figure S2) in the as-LPBFed Al–5Mg2Si–2Mg–2Fe alloy.
Alloy Mg Si Mn Fe Al

Point of L2 (Figure 4b) wt.% 0.01 5.12 6.33 7.85 80.69
Zone of L1 (Figure S2a) wt.% 3.78 0.24 0.41 0.25 95.32
Zone of L2 (Figure S2a) wt.% 13.82 8.11 2.42 13.52 62.13
EDX mapping (Figure S2a) wt.% 6.01 1.63 0.70 1.83 89.83
Zone of L3(Figure S2b) wt.% 3.40 0.29 0.43 0.22 95.66
EDX mapping (Figure S2b) wt.% 5.65 1.50 0.73 2.04 90.08

Figure 3. Details of TEM analysis of microstructure of the as-LPBFed Al–5Mg2Si–2Mg–2Fe alloy: (a–d) the interface relationships
between Al matrix and Mg2Si as well as white particles; (e, e1–e5; f, f1–f5) showing the elemental mapping of the cells and MPB
zone where particle enriches, respectively.
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Meanwhile, a large amount of α-Al12(Fe,Mn)3Si particles
are observed in MPB zone (Figure 5c). HAADP-STEM
images and the elemental mapping of various areas
are shown in Figure 5(d–f). In the eutectic area, Mg,
Si and Fe are enriched in the cell boundaries, and Al,
Fe, Mn and Si are enriched in in-situ α-Al12(Fe,Mn)3Si
particles, as shown in Figure 5(d, d1–d5). A large
amount of in-situ particles within cell boundaries are
enriched in Mg and Si (Figure 5(e, e1–e5)), confirming
the formation of Mg2Si particles. The eutectic Mg2Si
phases were also observed in the MPB zone where
α-Al12(Fe,Mn)3Si particles enriched, indicating that the
eutectic cells existed in the whole sections (Figure 5
(f, f1–f5)).

LPBF with high CR normally delivers fine grain size.
The microstructure shows obvious fine heterogeneous
equiaxed grains at a size of 5–15 μm coupled with
ultrafine grains at a size of 0.5–1.0 μm in the local
areas (Figure 6a), due to remelting (Thijs et al. 2013).
The columnar grains with sizes of 15–80 μm in length
and 3–15 μm in width are detected along the building
direction (Figure 6b); some regions in the conjunction
areas of the columnar grains also contain fine equiaxed
grains. Inoculation is generally practiced as an important
technique to promote microstructural refinement (Liu
et al. 2014). Comparing the Al–5Mg2Si–2Mg alloy
(Figure S3; Wang et al. 2022), the high Fe doping
reduces grain size significantly: 7.8 μm (horizontal direc-
tion) and 15.8 μm (building direction) in the Al–5Mg2Si–
2Mg–2Fe alloy, in counterpart with 13.2 μm (horizontal

direction) and 19.0 μm (building direction) in the Al–
5Mg2Si–2Mg alloy.

3.2. Phase diagrams

The microstructural characteristics indicate that the as-
LPBFed Al–5Mg2Si–2Mg–2Fe alloy exhibits superior pro-
cessability. Based on the Cost 507 thermodynamic data-
base, equilibrium phase diagram and vertical cross-
section along the Al–xMg2Si, Al–xMg2Si–2Mg and Al–
5Mg2Si–2Mg–xFe alloys were calculated. It is seen that
2 wt.% Mg addition leads to a decrease the liquidus
temperature and phase range between α-Al and (L + α-
Al + Mg2Si) for Al–xMg2Si alloys (Figure 7a). Fe doping
promotes the formation of α-Al(FeMn)Si phase, and
the primary phase change from α-Al phase to α-Al
(FeMn)Si phase in the Al–5Mg2Si–2Mg alloy when Fe
content is higher than 0.878 wt.% (Figure 7b).

It is worth noting that Fe doping also has a potential
to decrease hot tearing susceptibility. The crack suscep-
tibility index (CSI) of the Al–5Mg2Si–2Mg alloy tends to
decrease from 4371.3°C to 11.8°C with 2 wt.% Fe
addition (Figure 7c). The solidification sequence of Al–
5Mg2Si–2Mg–2.2Fe–0.8Mn alloy is: L → α-Al(FeMn)Si, L
→ (α-Al + α-Al(FeMn)Si), L → (α-Al + α-Al(FeMn)Si +
Mg2Si), as predicted by the Scheil-Gulliver model in
Figure 7(d) (Gulliver 1913). α-Al(FeMn)Si and Mg2Si
phases form when the temperature is below 693.44°C
and 592.68°C, respectively. The equilibrium phase frac-
tions of α-Al(FeMn)Si and Mg2Si phases reach to the

Figure 4. SEM/TEM images showing the as-LPBFed Al–5Mg2Si–2Mg–2Fe alloy with ageing at 180°C for 3.5 h; (a,d,e) the overall micro-
structure; the detailed microstructure in zone L1 (b) and zone L2 (c); (f) the formation of in-situ Mg2Si particles with eutectic network;
(g) the formation of low number density of α-Al12(Fe,Mn)3Si particle at the MPC zone.
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maximum values (5.6% and 6.8%) when the temperature
is below 400°C. Based on the calculation results, the high
Fe doping is not the hindrance of alloy design.

Based on the microstructural characteristics, four
characteristics of Fe heterogeneous distribution in the
Al–5Mg2Si–2Mg–2Fe alloy are: (1) a high solid solubility

Figure 5. Detailed TEM analysis of as-LPBFed Al–5Mg2Si–2Mg–2Fe alloy with ageing at 180°C for 3.5 h; (a,b,L1,L2) the formation of
Mg2Si particles within Mg2Si eutectics; (c) the formation of high number density α-Al12(Fe,Mn)3Si particle at the MPB zone; (d, d1–d5)
EDS maps of Mg2Si eutectics; (e, e1–e5) EDS maps of in-situ Mg2Si particles; (f, f1–f5) EDS maps of α-Al12(Fe,Mn)3Si particles distributed
at MPB zone.

Figure 6. EBSD-inverse pole figures (IPFs) of the as-LPBFed Al-5Mg2Si-2Mg-2Fe alloy along (a) horizontal and (b) building directions;
(c) schematic images showing the direction of samples; (d) corresponding IPF map.
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of Fe; (2) a large amount of Fe segregated at the cell
boundaries that divided by Mg2Si eutectics; (3) the for-
mation of a large number of α-Al12(Fe,Mn)3Si particles
in the MPB zone and (4) a relatively higher Fe content
detected in the MPB zone, in counterpart with that of
in the MPC zone. The difference in composition

between the boundary and interior of cells suggests a
significant partitioning among elements between the
liquid and solid phases during LPBF process (Wei et al.
2022; Gao et al. 2020); a strong particle accumulation
effect induced by high temperature gradient is also a
possible reason for the element segregation at the cell

Figure 7. (a) Equilibrium phase diagram of Al–Mg2Si and Al–5Mg2Si–2Mg alloy; (b) vertical cross-section of Al–5Mg2Si–2Mg–xFe alloy;
(c) the crack susceptibility index (CSI) calculated via T vs. ( fs)

1/2 curves of Al–5Mg2Si–2Mg–xFe alloy; (d) Scheil solidification simulation
of the Al–5Mg2Si–2Mg–2.2Fe–0.8Mn alloy.

Figure 8. The effects of high SV on (a) the solidification path (b) the Fe solubility in α-Al considering the α-Al phase as the primary
phase.
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boundary (Ji et al. 2020). It is worth mentioning that the
second layer of the samples provides a heat treatment
for the first layer during LPBF process that involves a
layer-by-layer printing, which temporarily raises the
temperature of MPB zone so that Fe atoms at these pos-
itions are re-precipitated to increase the volume fraction
of α-Al12(Fe,Mn)3Si particles.

Supersaturated solid solutions are formed inevitably
in the printed microstructures during the rapid cooling
(105–106 K/s) (Cauwenbergh et al. 2021). In this work,
supersaturated solid solutions tend to form in α-Al
phase because the high CR hardly affects the solubility
of Fe in the primary α-Al12(Fe,Mn)3Si phase (see Figure
7b). In general, the solidification condition depends on
the depth of melting pool (Sonawane et al. 2021). The
G of MPC zone is lower than that of the MPB zone,
while the SV of MPC is higher than that of the MPB
zone. Figure 8 shows the effects of SV on the solidifica-
tion path and solid solubility of Fe in α-Al matrix (consid-
ering the α-Al phase as the primary phase), and the
kinetic parameters are listed in Table 3. It is worth
noting that a high SV causes the solute trapping, result-
ing in the partition coefficient (kv) far from the partition-
ing parameter (ke). With increasing SV, the solidification
path is far away from the Scheil solidification (Figure 8a),
and the solid solubility of Fe in the MPC zone is slightly
lower than that in the MPB zone with the same solid

fraction (Figure 8b). This is in agreement with the exper-
imental results (Table 2).

3.3. Mechanical properties

Based on the above results, high Fe doping brings
advantages, including (1) an obvious decrease in the
CSI of Al–5Mg2Si–2Mg alloy, which is beneficial to the
alloy design for LPBF; (2) a significant decrease in the
grain size of α-Al matrix; (3) the formation of α-Al12(Fe,
Mn)3Si particles with a high number density and (4) Fe
segregation at the cell boundaries. The unique hierarch-
ical microstructure induced by these characteristics
builds a solid foundation for strength enhancement.
Comparing with the as-LPBFed Al–5Mg2Si–2Mg alloy
without high Fe doping (Yang et al. 2021), the as-
LPBFed Al–5Mg2Si–2Mg–2Fe alloy shows substantially
increased strengths, including the ultimate tensile
strength (UTS) of 498.3 MPa, yield strength (YS) of
346.9 MPa and elongation of 10.3% (Figure 9a). The fol-
lowing ageing also introduced significant improvement
in the strength, with UTS, YS and elongation being 545.3,
390.5 MPa and 8.4%, respectively. A few of pores with
the relatively shallow dimples are observed in the frac-
ture surfaces of the as-LBPFed alloy (Figure 9b and c),
consistent with the good ductility. Meanwhile, as
shown in Figure 9(d), the Al–5Mg2Si–2Mg–2Fe alloy

Table 3. Kinetic parameters for the Al–5Mg2Si–2Mg–2Fe alloy.
Parameter Value Unit Description Ref

γ 0.163 J/m2 Solid/liquid interfacial energy Zhang et al. 2020
ΔHf 1.36 × 109 J/m3 Heat of fusion Zhang et al. 2020
g 30 NA Geometric factor for coarsening Zhang et al. 2020
v0 1000 m/s Kinetic pre-factor for ΔTk Zhang et al. 2020
α0 1 Nm Solute trapping parameter Zhang et al. 2020
G … K/m Thermal gradient
SV … m/s Solidification velocity
CR … K/s Cooling rate: CR = G × SV

Figure 9. (a) Tensile stress-strain curves of the Al–5Mg2Si–2Mg–2Fe alloy without and with ageing treatment; (b,c) tensile fractured
morphology; (d) comparison of the tensile properties between the Al–5Mg2Si–2Mg–2Fe alloy in this study and other Al alloys fab-
ricated by casting, LPBF and HPDC methods.
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exhibits a giant response for a superior comprehensive
mechanical response when compared the other Al
alloys fabricated by various methods, including casting,
LPBF and HPDC methods (Yang et al. 2021; Wang et al.
2018; Tan et al. 2020; Wei et al. 2017; Aboulkhair et al.
2016; Fousová et al. 2018; Patakham et al. 2021; Li
et al. 2015; Prashanth et al. 2014; Wang et al. 2014;
Zhu et al. 2019; Park et al. 2021; Ji et al. 2012; Emamy
et al. 2013; Wang et al. 2021; Tan et al. 2020; Feng
et al. 2022; Ji et al. 2023).

To understand the mechanisms underlying the
improved strength of the Al–5Mg2Si–2Mg–2Fe alloy
without and with ageing, the deformation substructures
were characterised via TEM (Figure 10). As expected, a
large number density of dislocations interacted with
Mg2Si eutectics can be detected at the MPC zone
(Figure 10a), and the interaction between dislocations
and in-situ Mg2Si particles can be also observed at the
MPC zone of the as-aged alloy (Figure 10c). Meanwhile,
the interaction between spherical heterogeneous

α-Al12(Fe,Mn)3Si particles distributed at the MPB zone
and dislocations leads to an effective Zener pining
effect (Moelans, Blanpain, and Wollants 2007) (Figure
10b,d); gliding dislocations also have a potential to cut
through the coherent ultrafine α-Al12(Fe,Mn)3Si among
heterogeneous particles, which build a basis for ductility
enhancement (Ming, Bi, and Wang 2018).

From the above microstructural observations, the
newly developed alloy with unique hierarchical micro-
structure delivers superior mechanical properties. The
increase in strength arises from the multiple potential
strengthening mechanisms, including solid solution
strengthening (σs), grain refinement (σg), precipitating
strengthening (σp) and dislocation strengthening (σdis),
in addition to its lattice friction strength (σ0). The
overall YS (σy) is expressed as follows:

sy = s0 + sg + sdis + sp + ss (1)

where σ0 is the matrix strength (∼10 MPa) that is the
maximum shear stress necessary for dislocation glide

Figure 10. TEM analysis of the (a,b) as-LPBFed and (c,d) as-aged Al–5Mg2Si–2Mg–2Fe alloy after tensile testing: (a) the interaction
between dislocations and Mg2Si eutectics at the MPC zone; (c) the interaction between dislocations and Mg2Si eutectics and in-situ
Mg2Si particles at the MPC zone; (b,d) The interaction between dislocations and α-Al12(Fe,Mn)3Si particles at the MPB zone.
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in pure Al (Jia et al. 2019). Correspondingly, the contri-
butions from all these strengthening effects are dis-
played in Figure 11 (as presented in Supplementary
Note 2; Meanwhile, Figure S4 and Figure S5 were intro-
duced to calculate the strength contribution of

dislocation strengthening and precipitation strengthen-
ing to yield strength, respectively.), of which the sum-
mations (350.0 and 406.9 MPa) are slightly higher than
that of the experimentally measured YS values (346.9
and 390.5 MPa).

Another feature for the designed alloy is that a prom-
ising uniform elongation is still achieved. The relative
high ductility might be originated from the effective
strain hardening rate induced from heterogeneous Al
matrix (0.5–15 µm). Although relatively coarse grains
among the refined heterogeneous grains sacrifice
strengthening effect gained from fine grains, coarse
grains have a good strain hardening effect due to the
accumulation of dislocations and stabilisation of tensile
deformation, resulting in a good ductility (Wang et al.
2020). It is worth noting that the increase in both YS
and UTS without apparently sacrificing ductility is par-
tially ascribed to ultrafine coherent Mg2Si eutectics
and α-Al12(Fe,Mn)3Si particles, the ultralow elastic inter-
facial strain from the coherent interface can avoid the
accumulation of dislocations near the interface. Hence,
the stress concentration around the particles can be
relived and the uniform plastic deformation can be
maintained (Jiang et al. 2017). Previous study indicated
that the heterogeneous nano-sized precipitates with

Figure 11. The contributions of different strengthening mech-
anisms to the YS.

Figure 12. Schematic image showing the microstructural characteristics in this work.
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different sizes brought the non-uniform strain distri-
butions and promoted strain partitioning (Du et al.
2020), the heterogeneous α-Al12(Fe,Mn)3Si particles
(10–100 nm) also have a potential to reduce the loss of
ductility via avoiding dislocation pile-ups and the
stress concentration.

Overall, a representative diagram showing micro-
structural characteristics of the unique hierarchical struc-
ture in the studied Al–5Mg2Si–2Mg–2Fe alloy is
schematically illustrated in Figure 12. The refined hetero-
geneous matrix grains (0.5–15 µm) that contains
ultrafine Al–Mg2Si eutectics and interactions between
a high number density dislocations and coherent α-
Al12(Fe,Mn)3Si particles brought superior mechanical
properties. Based on the above results, three positive
findings are summarised: (i) the Al–5Mg2Si–2Mg–2Fe
alloy with superior mechanical properties reveals that
additive manufacturing can be an effective strategy to
mitigate detrimental effects of unwanted elements in
Al alloys; (ii) the work consider as a breakthrough in
recycled Al alloys with high Fe doping for green indus-
trial application; (iii) the composition of high-strength
Al–5Mg2Si–2Mg–2Fe alloy also exhibits the advantage
of cost control in counterpart with other as-LPBFed Al
alloy with Sc/Zr doping.

4. Summary and conclusion

In this work, LPBF method was applied to control the
solidification process and accommodate extremely
high Fe content (∼2.2%) in a novel Al–5Mg2Si–2Mg
alloy. The alloy samples before and after ageing offers
excellent mechanical properties. The main conclusions
can be drawn as follows:

1. Phase diagram calculation indicated that high Fe
doping promotes the formation of α-Al12(Fe,Mn)3Si
phase and has the potential to decrease the crack
susceptibility index and hot tearing susceptibility of
the Al–5Mg2Si–2Mg alloy. The high Fe doping is not
the hindrance of alloy design.

2. The novel characteristics of Fe heterogeneous distri-
bution in the Al–5Mg2Si–2Mg–2Fe alloy were
achieved: (1) a high solid solubility of Fe in Al
matrix; (2) a large amount of Fe segregated at the
cell boundaries that divided by Mg2Si eutectics; (3)
the formation of a large number of α-Al12(Fe,Mn)3Si
particles in the MPB zone; and (4) a relatively higher
Fe content in the MPB zone, in comparison with
that in the MPC zone.

3. Comparing with Al–5Mg2Si–2Mg alloy with Fe in
impurity level, the Al–5Mg2Si–2Mg–2Fe alloy shows
substantially increased strengths: with the UTS, YS

and elongation being 498.3 MPa and 545.3 MPa,
346.9 and 390.5 MPa, and 10.3% and 8.4% at as-
LPBFed and as-aged states, respectively. In addition
to the heterogeneous grains that contained fine
cells, the interaction between dislocations and
Mg2Si eutectics as well as α-Al12(Fe,Mn)3Si particles
played an important role in improving the mechan-
ical properties.

4. This work represents a breakthrough in development
of high-strength Al alloys with extremely high Fe
doping through additive manufacturing, demonstrat-
ing that additivemanufacturing is an effective strategy
to mitigate detrimental effects of unwanted elements
in recycled Al alloys for industrial applications.
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