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Abstract: This paper investigates the effect of Fe contamination on the microstructure and mechanical 
properties of Al-7Si-0.7Mg-Fe2.5 alloy processed by Laser Powder Bed Fusion (LPBF) and heat treated in two 
different conditions: (1) Solution Heat Treatment (SHT) at 520 °C, followed by artificial ageing at 160 °C (T6), 
and (2) Direct Artificial Ageing of the as-printed material at 160 °C (DAA). Microstructural characterization 
was carried out by Optical Microscopy (OM), X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), 
and Transmission Electron Microscope (TEM). Mechanical characterization was carried out by tensile tests at 
room temperature. The formation of fine AlSiFe phases such as α-AlFeSi, β-AlFeSi, and π-Al8Si6Mg3Fe had no 
deleterious effect on the mechanical properties  compared to previous studies for AlSIMg alloys without Fe. 
However, compared to the as-printed condition, the T6 heat treatment decreased the ultimate tensile strain 
significantly, while the elongation to the fracture presented a slight improvement. 

Keywords: laser powder bed fusion; Al-based alloys; heat treatment; AlFeSi intermetallics; 
mechanical properties 
 

1. Introduction  

In the next decades, a sharp increase in the available aluminum scrap is expected due to the 
intense use of Al alloys as a lightweight alternative in the automotive industry [1,2]. 

Currently, most of the aluminum scrap is used to produce casting alloys and recent studies 
showed that in some countries the Al recycling rate has been reduced due to the increased amount 
of available scrap which exceeds the demand for casting alloys [3,4].   

Aluminum alloy contamination during the life cycle and recycling processes is considered the 
main concern regarding the final properties of recycled aluminum alloys. At present, the aluminum 
scrap originated from automotive parts is not carefully separated, which means it can only be 
recycled together with other waste streams. Most of the aluminum alloys present chemical 
composition very close to, or even beyond the maximum element’s solubility in the Al matrix [5–7].  

Fe is considered one of the main deleterious contamination and, in the AlSi-based alloys leads 
to the formation of AlSiFe intermetallic phases with needle-shaped morphology such as β-Al5FeSi, 
which are responsible for decreasing the ductility and workability of AlSi recycled alloys [5]. Also, 
the use of Fe-based permanent mould on casting processes may increase the Fe content of the cast 
product. 

In this context, solidification of recycled Al alloys in conditions of high cooling rate emerges as 
an alternative to control the precipitation and growth of the undesirable AlSiFe intermetallic phases 
allowing the production of useful parts.  
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Studies regarding the processing of AlSiFe alloys indicated that reducing β-Al5FeSi aspect ratio 
by high cooling rates during solidification is successful in controlling the deleterious effect of this 
phase on the mechanical properties. The same good prospectus was observed when applying 
nonconventional solidification processes such as spray forming, which can change AlSiFe 
morphology and also reduce their aspect ratio [7–9]. 

It is widely known that recycling is an important global action to save energy and preserve 
natural resources [9]. In this scenario, considering the necessity of new recycling routes, Coşkun et 
al. [10], studied the recycling of an Al-10Si-Mg alloy by Laser Powder Bed Fusion (LPBF). They 
reported an increase in the elongation at fracture when compared to the casting alloy counterparts. 
In fact, LPBF presents interesting features regarding recycling of aluminum alloys, such as: (i) 
relatively less material waste once the feedstock metallic powder that was not melted at the 
impression chamber  can be re-used after sieving procedures; (ii) possibility to produce complex 
parts with complex geometry reducing machining processes, which also contributes to less material 
waste. However, the impact of aluminum alloy contamination on mechanical properies was not 
evaluated by Cos¸kun et al. [10].  

Similar to Al-10Si-Mg, the Al-7Si-Mg alloy is one of the most commonly manufactured alloy by 
the LPBF process due to the chemical composition with a narrow solidification interval and 
presenting low hot tearing crack incidence [11,12].  

Recycling aluminum alloys by LPBF can aggregate value to recycled alloys by improving their 
mechanical properties. However, as the conventionally cast products, the iron contamination in the 
aluminum life cycle must be considered. Previous studies regarding LPBF processing of a Fe-
containing alloy achieved good mechanical properties even in high temperatures. Dario et al. [13], 
investigated the microstructure and mechanical properties of an Al-12Si-1.4Fe-1.4Ni alloy processed 
by LPBF. The as-printed sample presented refined microstructure and a hardness value about 186 
HV in addition to  high compression strength at high temperatures. Kimura et al. [14], compared the 
characteristics and the relationship between the microstructures and mechanical properties of the 
binaries systems Al-3Fe (wt%), Al-3Mn (wt%), and Al-3Cr (wt%), fabricated by LPBF under two 
conditions, as processed and after artificial ageing. The authors reported an improvement in 
mechanical properties such as hardness and tensile strength values due to the formation of 
precipitates dispersed along Al-matrix companied by a grain boundary coarsening after ageing heat 
treatment. 

Despite the available reports in the literature about the microstructure and properties of primary 
Al-7Si-Mg and Al-10Si-Mg processed by LBPF the literature is scarce regarding the secondary alloys 
contaminated with iron.  

This paper investigated the effect of Fe contamination (2.5 wt.%) on the microstructure, heat 
treatment, and mechanical properties of the Al-7Si-Mg alloy processed by LPBF. The 2.5wt%Fe 
content was chosen to simulate a highly contaminated alloy, well above even the A380 high pressure 
die casting alloy whose Fe-content lies normally around 1%. 

2. Experimental Methods  

2.1. The Feedstock Powder and LPBF Processing  

The raw material used in this study was produced from pure elements molten in an induction 
furnace and poured into a graphite mold resulting in five ingots weighing 1.2 kg each one. 

To produce metallic powder for the LPBF process, the ingots were remelted in an induction 
furnace with a controlled atmosphere and atomized in a PS I Hermiga 75/5VI gas atomizer. Sieving 
procedure was performed to separate the feedstock powder with particle size between 20-75 μm.  

The  LPBF samples were manufactured in a powder bed machine OmniSint-160 employing a 
fiber laser. The LPBF processing parameters were determined experimentally, taking into account 
the results of previous studies and considering the parameters that provided the higher relative 
densities as measured by the Archimedes' method [11,12]. Tensile test samples were machined from 
square bars with 8 mm side, and 56 mm long, which  were built in horizontal direction, using the 
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LPBF parameters presented in Table 1.The chemical composition of the ingots of AlSiMgFe (wt.%) 
alloy obtained by X-Ray Fluorescence is presented in Table 2. The laser energy density value (Ev) 
presented in Table 1 was obtained using the Eq. (1) [11]: 

𝐸𝑣 =
𝑃

𝑑 ∗ 𝑡 ∗ 𝑉𝑠
 (1)

Table 1. - LPBF parameters. 

Laser Scan speed 
(Vs) 

Laser power 
(P) Layer thickness (t) 

Hatch space 
(d) 

Energy density 
(Ev) 

1200 mm s-1 250 W 30 μm 100 μm 69,4 j mm-3 

Table 2. - Chemical composition of the ingots of AlSiMgFe (wt.%) alloy obtained by X-Ray 
Fluorescence. 

Al Si Mg Fe 
Bal. 6.1 0.63 2.5 

2.2. Microstructure Characterization  

The LPBF tracks were examined by optical microscopy (OM) using a ZEISS Axio microscope, 
whereas the morphology of the intermetallic phases formed in the microstructure of LPBF parts were 
investigated by Scanning electron microscopy (SEM) using a Phillips XL-30 FEG microscope, and 
Transmission Electron Microscopy (TEM) using a field emission gun FEI TECNAI G2 F20 
(TEM/STEM) microscope operating at 200 kV.  Chemical composition of the intermetallic phases 
was investigated by chemical microanalyses performed by energy-dispersive X-ray spectrometer 
(EDS). X-ray diffraction (XRD) was investigated using a Bruker D8 Advance ECO equipment with 
Cu radiation, coupled with a high-speed detector SSD160, the XRD condition used was 2θ = 20° to 
90° in a scanning rate of 1.4 °/min.  

2.3. Heat Treatment and Mechanical Characterization 

The LPBF samples were subjected to the following heat treatments: 
(1) Direct artificial ageing (DAA) at 160 °C for 3 and 12 h; (2) solution heat treatment (SHT) at 

520 °C for 1 h, followed by artificial ageing at 160 °C for 3, 6, and 12 hours. The heat treatments were 
carried out in a vacuum furnace; after each procedure, the samples were quenched immediately in 
water at room temperature. Tensile tests were carried out using a screw-driven machine at room 
temperature with a constant strain rate of 0.02 min-1. Figure 1 shows the machined tensile sample 
based on ASTM E8 standards illustrating the building direction scheme.  

 
Figure 1. Machined tensile sample based on ASTM E8 standard with its longitudinal axis aligned with 
the Y direction, perpendicular to the building Z-LPBF direction . 

3. Results 

3.1. Microstructure Analyses of the Al-7Si-0.7Mg-2.5Fe Powder 
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Figure 2(a) presents the overall XRD pattern of the Al-7Si-0.7Mg-2.5Fe powder. The peaks were 
indexed as corresponding to the phases α-Al, Si, β-Al5FeSi, α-Al8Fe2Si, and tetragonal Al9FeSi3 
(identified as θ), and can be better observed  with an expanded detail of the XRD pattern, see Figure 
2(b). 

 
Figure 2. (a) - XRD pattern for the powder particles of the Al-7Si-0.7Mg-2.5Fe alloy; (b) expanded 
detail indicating the α-Al, Si, eutectic AlSi, β, α, θ and λ phases. 

Figure 3 (a) presents a SEM micrograph of a spherical particle powder and its cellular structure. 
Figure 3 (b) presents an expanded detail of the Figure 3 (a) indicating the labeled points A, B, C, and 
D which correspond to needle-shaped intermetallic phases. Furthermore, as presented in Table 2 
which shows the results of the quantitative EDS chemical analyses performed in the labeled points 
A, B, C and D in Figure 3 (b), the Fe contamination led to the formation of Fe-rich intermetallics 
phases even under the relatively high cooling rates prevailing in the atomization process, which may 
achieve values between 103–105 K/s [16]. According to Table 2, the labeled points A and B in Figure 3 
(b) present stoichiometric composition corresponding to the β-Al5FeSi phase, while point C 
approximates the α-Al8Fe2Si composition, and D is similar to eutectic Al-Si. 

 
Figure 3. - SEM micrograph of the particle powder: (a) morphology; and (b) microstructure with 
labeled points indicating the needle-shaped intermetallic phases. 

Table 2. – EDS measurements from the points labeled in Figure 3 (b). 

at.% Al Si Mg Fe 
A 87.2  6.6 0.1  6.1 
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B 84.9  9.3  0.5  5.3  
C 88.4 7.7  0.5  3.4  
D 87.6  11.2  0.7  0.5 

3.2. Microstructure Analyses of the LPBF Sample 

3.2.1. Optical Microscopy 

The microstructure of the LPBF sample was examined by optical microscopy (OM) to verify the 
effect of Fe-contamination during the solidification of the LPBF tracks . According to Moustafa [6], 
the formation of needle-shaped morphology β-Al5FeSi phase may act as a barrier during the 
solidification of Fe-contaminated AlSi cast alloys preventing the liquid metal to fill the spaces around 
the needles, leading to the formation of melting defects such as shrinkage crack and porosity. Figure 
4 shows an optical image of some small cracks and melting defects in the LPBF tracks. However, 
optimized LPBF parameters may minimize the cracks, porosity, and melting defects incidence [15]. 
Further investigation of the optimized parameters of Fe-containing AlSiMg LPBF alloys is beyond of 
the scope of this work and should be addressed in the future.  

 
Figure 4. - Optical image of the LPBF tracks. 

3.2.2. Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), and Energy 
Dispersive X-ray (EDS) Analyses of the As-Printed LPBF Sample 

Figure  5 (a) shows a SEM image of the cellular structure found on the LPBF microstructure. 
Several studies regarding AlSiMg LPBF alloys describe this structure as a submicron eutectic Si 
network, which is a result of high cooling rates [11,12,17–19]. Yang et al. [19], presented detailed 
results regarding the effect of the eutectic Si network on mechanical properties. They identified that 
the formation of the eutectic Si network increased the yield strength and hardness, while the ductility 
decreased. However, solution heat treatment and stress relieving emerge as an alternative to adjust 
mechanical properties, once they may breaking up this network structure increasing the elongation 
to fracture [17]. Figure 5 (b) shows a dark-field (DF) TEM image at a higher magnification of the nano-
cellular structure and the respective EDS mapping for Al, Si, Mg and Fe, which indicates that the 
nano-cellular network is constituted by Si, Fe and Mg. In general, EDS chemical analyses are widely 
used to identify Si and Mg at the network boundaries and supersaturated solid solutions in the 
AlSiMg processed by LPBF [16].  

Figures 5 (c-d) present SEM images illustrating the observed Fe-rich intermetallic phases and 
the labeled points A, B, C, D, E and F indicating the EDS chemical analyses presented in Table 3. Is 
possible to identify rounded and needle-shaped morphologies measuring between 1-3 μm in 
diameter and length, respectively.  
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Figure 5. - Microstructure of the as-printed LPBF sample: (a) SEM image of the cellular structure; (b) 
DF image of the nano-cellular structure with the respective qualitative chemical mapping of Al, Si, 
Mg and Fe; and (c) and (d) SEM image of the intermetallics phases formed at microscale and labeled 
points indicating the EDS analyses presented in Table 3. 

Table 3. - EDS measurements from the points labeled in Figure 5 (c) and Figure 5 (d). 

at.% Al Si Mg Fe 
A 91 3.8 0.8 4.3  
B 88.2 4.6 0.8 6.4 
C 84 14.9 0.9 0.2  
D 96,1 2 0.8 1.1 
E 94.9 3.7 1 0.4 
F 96.3 2.5 0.9 0.3 

3.2.3. X-ray Diffraction (XRD) 

XRD analysis was performed to identified the phases formed on the microstructure of the Al-
7Si-0.7Mg-2.5Fe alloy after the LPBF process. Figure 6 presents the XRD patterns of the LPBF sample, 
which identify the same phases presented in the powder microstructure (Al, Si, β-Al5FeSi, α-Al8Fe2Si, 
and θ-Al9FeSi3), despite the different cooling rates prevailing in each process, being the LBPF faster 
as can be derived by comparing Figures 3 a,b and 5 a,b. It is interesting to point out that the LBPF 
also presents segregation, however, at the nanoscale.  
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Figure 6. - (a) XRD pattern for the LPBF sample; (b) expanded detail indicating the Al, Si, eutectic 
AlSi, β, α, and θ phases. 

3.3. Microstructure of the LPBF Al-7Si-0.7Mg-2.5Fe Alloy after Heat Treatments 

3.3.1. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDS) Analyses  

Heat treatments are widely applied to improve the mechanical properties of low Fe-containing 
AlSiMg LPBF alloys by dissolving part of the Si eutectic network increasing the ductility and 
providing precipitation hardening in the matrix [20–25]. The LPBF Al-7Si-0.7Mg-2.5Fe alloy was 
subjected to the heat treatment conditions presented in Table 4. After each heat treatment procedure 
(SHT, AA, and DAA), quenching was performed in water at room temperature. 

Table 4. – Heat treatment conditions. 

Condition Heat treatment  
1 As-printed  
2 (T6) SHT (520°) for 1 h + AA at 160° for 3 h 
3 (T6) SHT (520°) for 1 h + AA at 160° for 6 h 
4 (T6) SHT (520°) for 1 h + AA at 160° for 12 h 
5 ***  DAA at 160° for 6 h 
6 ***  DAA at 160° for 12 h 

Figure 7 presents the SEM images of the microstructure of the LPBF Al-7Si-0.7Mg-2.5Fe alloy 
after heat treatments. Table 5 shows the EDS measurements from the labeled points A, B, C, D, E, F, 
G, H, I, and J presented in Figure 7.  

Figure 7 (a) shows the microstructure of the LPBF Al-7Si-0.7Mg-2.5Fe alloy after condition 1 
(SHT 520°/1 h + AA 160°/3 h), is possible to observe the precipitation of rounded (or, most probably, 
the spheroidization of the already present phases, particles labeled as B and C, for example) particles 
which according to Table 5 are AlSiMgFe phases. Furthermore, is not possible to identify clearly the 
Si, Mg, and Fe cellular network found in the as-printed  LPBF condition discussed in the previous 
section (showed again in Figure 7(f)) to make easier the comparison), however, it is possible to 
identify some fine precipitation in the matrix (size at the nanoscale). 

Figure 7 (b) shows the microstructure of the LPBF Al-7Si-0.7Mg-2.5Fe alloy after condition 2 
(SHT 520°/1 h + AA 160°/6 h). As well as for condition 1, the condition 2 presents similar AlSiMgFe 
rounded particles( E and F, for example), and is not possible to identify the Si, Mg, and Fe cellular 
network clearly. The precipitation of a larger quantity of particles at the nanoscale are observed.    

Figure 7 (c), shows the microstructure of the LPBF Al-7Si-0.7Mg-2.5Fe alloy after condition 3 
(SHT 520°/1 h + AA 160°/12 h). The phases formed in the microstructure of LPBF Al-7Si-0.7Mg-2.5Fe 
during the heat treatment condition 3 are similar to the rounded morphology AlSiMgFe phases found 
for condition 2, exhibited in Figure 7 (a,b), however, there is some coarsening of these particles. 
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Figure 7(d) and Figure 7(e), present the microstructure of the LPBF Al-7Si-0.7Mg-2.5Fe alloy after 
directly artificial ageing (DAA) condition 5 (DAA 160°/6 h), and condition 6 (DAA 160°/12 h), 
respectively. 

Observing Figure 7 (d-e), it is possible to identify that the eutectic Si network remained intact on 
the microstructure of the LPBF Al-7Si-0.7Mg-2.5Fe alloy after DAA. Comparing the network 
structure for the two DAA conditions, longer time of ageing led to a coarser network structure.  

 

 

 
Figure 7. – SEM images of the microstructure after heat treatment: (a) condition 2 (SHT 520°/1 h + AA 
160°/3 h); (b) condition 3 (SHT 520°/1 h + AA 160°/6 h); (c) condition 4 (SHT 520°/1 h + AA 160°/12 h); 
(d) condition 5 (DAA 160°/6 h); (e) condition  6 (DAA 160°/12 h); and (f) as printed sample included 
here for comparison purposes. 

Table 5. - EDS measurements from the points labeled in Figure 7. 

at.% Al Si Mg Fe 
A 94.8 3.3 1.2 0.7 
B 83.6 14.4 0.9 1.1 
C 85.6 12.1 0.9 1.4 
D 87.8 9.6 1.5 1.1 
E 87.5 7.5 3.3 1.7 
F 93.3 2.6 0.9 3.2 
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G 94.3 2.2 1 2.5 
H 95.2 2.5 1 1.3 
I 94.3 4.3 1.2 0.2 
J 93.4 5.1 1.2 0.3 

3.3.2. Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray (EDS) Analyses  

Further microstructural analyses performed by TEM are presented in this section. Figure 8 
compares the microstructure of the LPBF Al-7Si-0.7Mg-2.5Fe alloy after directly artificial ageing 
(DAA) with the as-printed one. The labeled points A, B, C, D, E, F, G, H, I, and J  indicate the EDS 
analyses presented in Table 6.  It is possible to identify on the DAA microstructure (Figure 8 (a), and 
Figure 8 (b)) a couple of nano MgSi-rich phases with needle-shaped morphology (points A, C, and 
G).  These precipitates were not identified in Figure 8 (c)  whish shows a BF TEM images for the as-
printed condition. Furthermore, for longer ageing time (DAA at 160°/12 h) (Figure 8 (b)), compared 
to Figure 8 (a)  (DAA at 160°/6 h) it was possible to identify a Mg enrichment in the intermetallic 
phases with needle-shaped morphology represented by F, G, and H labeled points in Figure 8 (b) and 
Table 6.  

 
Figure 8. – TEM microstructures after DAA. BF TEM images with labeled points indicating the EDS 
analyses presented in Table 6: (a) condition 5 (DAA 160°/6 h); (b) condition 6 (DAA 160°/12 h); and 
(c) condition 1 (as-printed). 

Table 6. - EDS measurements from the labeled points presented in Figure 8. 

(%at.) Al Si Mg Fe (%at.) Al Si Mg Fe 

A 81.2 11.8 2.6 4.4 F 77.5 12.6 3.7 6.2 

B 95.6 2.5 1.6 0.3 G 79.5 13.2 4.7 2.6 

C 79.6 14.4 1.7 4.3 H 80 13.5 5.5 1 

D 80.6 15.4 2.8 1.2 I 85.6  9.4 1.7 3.3 

E 93.7 2.3 3.9 0.1 J 95.3  2.4 1.8 0.5 

Figure 9 compares the microstructures SHT+AA. The labeled points A, B, C, D, E, F, G, H, I, J, K, 
and L indicate the EDS analyses presented in Table 7. Observing the labeled points A, B, and C in 
Figure 9 (a) for condition 2 (SHT 520°/1 h + AA 160°/3 h), is possible to identify SiMg-rich 
nanoparticles with the Si amount higher than the Mg amount. Moreover, a relatively higher amount 
of Fe compared to the maximum Fe solubility in the Al matrix was observed. These SiMg-rich 
nanoparticles were not observed for condition 3 (SHT 520°/1 h + AA 160°/6 h) presented in Figure 9 
(b).  

However, observing the microstructure of condition 3 (SHT 520°/1 h + AA 160°/12 h) presented 
in Figure 9 (c), is possible to identify SiMg-rich nanoparticles similar to those presented in  Figure 9 
(a). Comparing the chemical compositon of the phases found in Figure 9 (a)  and Figure 9 (c), the 
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phases found  in Figure 9 (c) present lower SiMg amount, although the amount of Si is still higher 
than the amount of Mg and Fe. 

According to the microstructural results of the heat treated studied alloy presented so far, it is 
worth to highlight that the precipitation mechanism observed for DAA is related to the formation of 
SiMg particles with needle-shaped morphology in the cellular network boundaries. Moreover, for 
longer ageing times (DAA 160°/12 h), resulted in an enrichment of Mg accompanied by a decrease of 
the Si amount.  

 
Figure 9. - Microstructure after SHT + AA heat treatments. BF TEM images with labeled points 
indicating the EDS analyses presented in Table 7: (a) condition 2 (SHT 520°/1 h + AA 160°/3 h); (b) 
condition 3 (SHT 520°/1 h + AA 160°/6 h); and (c) condition 4 (SHT 520°/1 h + AA 160°/12 h). 

Table 7. - EDS measurements from the labeled points present in Figure 9. 

(%at.) Al Si Mg Fe (%at.) Al Si Mg Fe 

A 57.5 21.1 18 3.4 G 96.4 1.5 1.5 0.6 

B 51.5 23.8 17.8 2.9 H 62.9 16.1 16.2 4.8 

C 54.8 22.8 18.5 3.9 I 84.8 4.9 7.9 2.4 

D 96.7 0.6 1.9 0.8 J 93.3 1.8 3.4 1.5 

E 82.8 6.6 2.6 8 K 91.7 2.6 3.1 2.6 

F 79.8 9.4 5.9 4.9 L 96.5 0.8 2.7 - 

3.4. Mechanical Properties of the As-Printed and Heat Treated LPBF Al-7Si-0.7Mg-2.5Fe Alloy  

Tensile tests were performed to investigate the mechanical properties of the as-printed and heat 
treated conditions. Figure 10 presents the engineering stress-strain curves for the LPBF as-printed 
and heat treated samples. 

The Ultimate Tensile Stress (UTS) of the as-printed  LPBF sample reached average values of 
about 300 MPa. On average, the presented Elongation to Fracture (EF) was around 6,5%.  

Observing the engineering stress strain curves after SHT presented in Figure 10 is possible to 
identificate a significant decrease in the yield strain, and a slight improvement in the elongation to 
the fracture for conditions 2 (SHT 520°/1 h + AA 160°/3 h), 3 (SHT 520°/1 h + AA 160°/6 h), and 4(SHT 
520°/1 h + AA 160°/12 h) problaby due to the partial dissolution of the SiMgFe cellular network, which 
was indicated in Figures 7 (a-b-c). 

Regarding DAA conditions, UTS and EF average values were respectively  330 MPa, and 7,5% 
for condition 5 (DAA at 160°/6 h), while for condition 6 (DAA at 160°/12 h), the UTS average value 
reached 350 MPa, and EF was about 7,2%. Comparing to the as-printed values (condition 1), a 
tendency to an slight improvement in the mechanical properties was noted, however, it must be 
pointed out that the values among the different conditions lie within the statistical scattering.  

(b) (a) (c) 
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Table 8 compares the mechanical properties values for the as-printed and heat treated LPBF 
conditions to mechanical properties values for the LPBF Al-7Si-Mg alloys without Fe contamination. 
According to Table 8, the investigated mechanical properties for the studied alloy are similar to 
values reported in previous studies.  The UTS values are between 308 ~ 408 MPa, while EF values 
are between 4 ~11 % for LPBF alloys without Fe. Compared to the cast Al-7Si-Mg, the studied alloy 
presents higher mechanical properties values once the maximum UTS value is about 305 MPa, while 
the maximum EF is about 4% for cast alloys with Fe content below 0.3% [25]. 

 
Figure 10. - Engineering stress-strain curves for the LPBF as-printed and heat treated samples. 

Table 8. – Mechanical properties of the studied alloy: Ultimate Tensile Stress (UTS), and Elongation 
at Fracture (EF) for the LPBF as-printed and heat treated samples compared to the mechanical 
properties of Al-7Si-0.7Mg alloys containing low levels of Fe, adapted from [25]. 

 UTS 
[MPa] 

EF 
[%] 

As-built 330 ± 1.2 6.5 ± 0.5 
Condition 2 210 ± 3 8.7 ± 0.4 
Condition 3 194 ± 3 9.5 ± 0.4 
Condition 4 207 ± 2 8.3  ± 0.3 
Condition 5 351 ± 2 7.2  ± 0.4 
Condition 6 362 ± 2 6.8 ± 0.3 

LPBF [25] 308 ~ 408 4 ~11 
Cast  Al-7Si-0.7Mg [25] 305 4 

4. Discussion 

4.1. Microstructure Analyses of the Al-7Si-0.7Mg-2.5Fe Powder 

The formation of needle-shaped intermetallic phases on the powder microstructure of the Al-
7Si-0.7Mg-2.5Fe alloy even under the relatively high cooling rates leads us to infer that the mechanical 
properties of the studied alloy might be highly impaired by further processing [5].  

4.2. Cracks and Melting Defects on the Microstructure of Al-7Si-0.7Mg-2.5Fe LPBF Sample 

In general, cracks and melting defects are features of the LPBF process, being cracks associated 
to thermal contraction during LPBF solidification, while melting defects are associated to laser and 
powder interactions during the layers printing process [26,27]. As  cracks and melting defects are 
frequently reported in studies regarding LPBF process even for primary AlSi alloys with low iron 
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contents, the effect of Fe-contamination in the formation of pores and shrinkage cracks is not 
conclusive in this paper. However, the low incidence of such defects, comparable to the results 
obtained with primary alloys [28], may suggest that the influence of 2.5wt%Fe, if any, was negligible. 
And this might be a consequence of the nanoscale dispersion of the intermetallics. 

4.3. Microstructure Characterization of the As-Printed Al-7Si-0.7Mg-2.5Fe Alloy 

The XRD analysis for the as-printed LPBF sample identifyed the same phases presented in the 
powder microstructure (Al, Si, β-Al5FeSi, α-Al8Fe2Si, and θ-Al9FeSi3). However, further microscopy 
analysis showed that the LPBF process led to a microstructural refinement, formation of a submicron 
cellular network and changed the phases morphologies. According to Figure 5 and Table 3, the 
submicron cellular network boundaries and the intermetallic phases are constituted by Al, Si, Mg, 
and Fe. In general, the cellular network boundaries are constituted by nano-particle of eutectic Si and 
Mg. The presence of Fe at the cellular submicron network boundaries indicates a Fe nano-segregation 
probably due the relatively high amount of Fe in the studied alloy. According to Figures 5 (c-d)  and 
the EDS chemical analyses presented in Table 3, the observed intermetallic phases are constituted by 
Al, Si, Mg, and Fe, which could means their growth may be competing with the growth of the cellular 
network boundaries, or precipitating as a result of the super saturation of the Al-matrix. Moreover, 
it was not possible to show clearly the eutectic Si network structure and the AlSiFe intermetallic 
phases in the same image. 

The high level of Fe-contamination led to the formation of AlSiFe, although the high cooling rate 
applied by gas atomization and still higher by LPBF provided a refined microstructure, once both 
processes presented a cellular structure and AlSiFe intermetallic phases with sizes around 5 μm for 
gas atomization and at the nanoscale for LBPF. Therefore, the LPBF solidification dynamic presented 
rounded AlSiFe intermetallics, which according to previous studies are formed from the liquid metal 
at temperatures above the SHT at 520 °C [29]. This is arguable as there is no evidence by observing 
Figure 5 that the intermetallic fomed at the nanocellular boundaries are formed during the 
solidification. The picture suggest that the nanosegregation at the sub-cell boundaries led in fact to 
the enrichment of Si and Fe in these regions, however, it did not suffice to trigger an eutectic reaction 
as it does in the cell boundaries (see Figure 5(a)). Indeed, Figure 5 (b) suggest that the phases 
decorating the nanocell boundaries were formed in solid state during cooling after solidification or 
reheating provoked by the next melting tracks. Thus, in addition to the deleterious effect on ductility, 
the AlSiFe intermetallic formation also could decrease the precipitation hardening of the AlSiMg 
LPBF alloys due to the Si present in AlSiFe intermetallics remaining reclused during the SHT leading 
to a lower amount of Si available in solid solution in the matrix. Comparing with the powder, the 
microstructure of the LPBF samples were completely changed during solidification under LPBF 
condition, indicating that the remelting process led the material to solidify under completely diferent 
conditions. A nanoscale structure was developed within the tracks, which dispersed strongly the 
iron-containing intermetallics, reducing their sizes to the nanoscale. Still some micro-intermetallics 
can be found, probably, as a consequence of agglomeration during the multiple remelting. However, 
the presence of these nanosegregation was prevalent on the microstructure, which could be observed 
clearly only by high magnification SEM and TEM images. Therefore, the LPBF process is an effective 
way to mitigate the effect of high iron content on the AlSi alloys. 

4.4. Microstructure Characterization of the LPBF Al-7Si-0.7Mg-2.5Fe Alloy after Heat Treatments 

After SHT heat treatment, the cellular network constituted by Si, Mg, and Fe was partially 
disconnected originating a fragmented pseudo network constitute by Si, AlSiFe, and AlSiMgFe 
particles, with the vast majority of rounded particles. The number of precipitates formed, as well as 
the particle size increased for longer ageing times after SHT. Although it is not conclusive observing 
the labeled points A, B, and C in Figures 7 (a-c) and Table 5, studies regarding the heat treatment of 
AlSiMg alloys associated this phenomena with the dissolution of the as-printed supersaturated 
matrix during SHT which leads to precipitation and coarsening of Si and Mg2Si along the previous 
cellular network boundaries [17,22]. This is, however, arguable as the SHT temperature would not be 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 March 2024                   doi:10.20944/preprints202403.0355.v1



 13 

 

high enough to dissolve the AlFeSi intermellics. Most probably, as the pictures indicated, there is a 
partial dissolution and fragmentation of the network at the cell boundaries and a spheirodization of 
the AlFeSi and Si particles. The subsequent ageing at low temperature (160 °C) led to the fine 
precipitation in the matrix formed by the segregated elements present at the subcell boundaries that 
are dissolved into the matrix during the SHT. 

Regarding the microstructure of the LPBF Al-7Si-0.7Mg-2.5Fe alloy after DAA, was possible to 
observe in Figures 7 (d-e) that the eutectic Si network remained intact on the microstructure of the 
LPBF Al-7Si-0.7Mg-2.5Fe. Furthermore, comparing the network structure for the two DAA 
conditions, longer time of ageing led to a coarser network structure. It is widely known that the 
ageing temperature is basically too low to dissolving eutectic Si, intermetallic phases or even 
providing conditions for Si diffusion. However,  the high Si content in solid solution in the as-
printed LPBF sample leads to the formation of Si and Mg precipitates nearby the cell boundaries 
leading to a coarser network after ageing [17]. 

Previous studies also identifyed a cellular network coarsening of LPBF AlSiMg alloys after direct 
artificial ageing and associated it to the precipitation and growth of nano Mg2Si phase in it 
boundaries [17,24]. The LPBF Al-7Si-0.7Mg-2.5Fe alloy presented a similar behavior; as the SHT 
treatment was not performed before artificial ageing, the SiMgFe cellular network remained intact 
while the needle-shaped Mg2Si particles precipitate and grow during the artificial ageing. The 
precipitation and growth of nano Mg2Si phase in the SiMgFe cellular network boundaries may lead 
to a strengthening of the LPBF Al-7Si-0.7Mg-2.5Fe alloy accompanied by a reduced ductility after 
DAA once the cellular network acts as a dislocation barrier [17,23].  

Fiochi et al. [23], classified the microstructural characterization of heat treated LPBF AlSiMg 
alloys as a complex process due to discrepancies presented in several works regarding the 
precipitation sequence of the Si and Mg particles. 

Regarding artificial ageing after SHT, the Si and Mg precipitation are concomitant, forming rich 
SiMg particles for shorter ageing times, while longer ageing times led to the formation of particles 
with relatively lower Si and Mg amount.  

Considering the relatively high amount of Fe for the Al alloys, especially for Si-containing alloys 
such as the one studied in this work, no significant microstructural changes were identified regarding 
AlSiMg LBPF processed, and post-processed. On the other hand, regarding microstructural 
engineering and aluminum recycling, the formation of nano Fe-rich intermetallic may provide an 
improvement in the ductility of recycled alloys. 

4.5. Mechanical Properties of the LPBF Al-7Si-0.7Mg-2.5Fe Alloy after Heat Treatments 

The fine AlSiFeMg and Si intermetallic phases formed at the cellular network, as well as the 
amount of Si and Mg in solid solution identified on the microstructure of the studied alloy could act 
as barriers for dislocation motion leading to the exhibited strain hardening rate. Furthermore, 
considering the relatively high amount of Fe present in the studied alloy, the formation of nanosize 
Fe-rich intermetallics lead to an improvement of elongation to the fracture compared to the predicted 
values in the literature for Fe-contaminated AlSiMg alloys [5].  

The decrease in the yield strain, and a slight improvement in the elongation to the fracture 
exhibited for conditions 2 (SHT 520°/1 h + AA 160°/3 h), 3 (SHT 520°/1 h + AA 160°/6 h) and 4(SHT 
520°/1 h + AA 160°/12 h) could be related to the partial dissolution of the SiMgFe cellular network 
presented in Figures 7 (a-b-c) [30]. 

Regarding DAA conditions, a slight improvement in the mechanical properties was noted when 
compared to the as-printed values (condition 1). However, it must be pointed out that the values 
among the different conditions lie within the statistical scattering. This means that the conditions of 
the DAA treatment did not suffice to change significantly the microstructural features observed in 
the as built condition, i.e, predominatly high saturation of the matrix, nanosized particles at subcell 
boundaries and maintenance of the segregation at the cell boundaries. 

The results presented in this study indicate that the LPBF process may be an alternative recycling 
route for Fe-contaminated Al-7Si-Mg alloys once the  LPBF solidification dynamic attenuates the 
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deleterious Fe effects on the mechanical properties.  Moreover, the results showed that the 
investigated heat treatment conditions provided no significant changes on the microstructure and 
mechanical properties compared to the as-printed condition. The efficiency of  SHT in ductility 
improvement as predicted in the literature was not proved for the studied alloy. Despite the high 
precipitation hardening provided by Mg2Si when formed in the matrix of aluminum alloys, it had 
no effect when formed at the cellular network boundaries. The partial dissolution of AlSiMgFe 
network and Mg2Si formation in its boundaries led to a considerable UTS decrease while the ductility 
remains almost unchanged when compared to the as-printed and DAA conditions. The as-printed 
and DAA conditions present higher hardening rates due to the cellular network and, Si and Mg in 
solid solution, which are dissolved after SHT. 

It's worth to point it out that further studies regarding LPBF parameters optimization are 
required, once the LPBF parameters may lead to enhancements in the mechanical properties of LPBF 
Al-7Si-Mg alloys. 

5. Conclusions 

The effects of processing and post-processing conditions on the microstructure and mechanical 
properties of the  Al-7Si-0.7Mg-2.5Fe alloy produced by LPBF were examined.  

Considering the relatively high amount of Fe in the studied alloy, all conditions evaluated in 
this paper presented satisfactory microstructure and mechanical properties results compared to Al-
7Si-0.7Mg with low Fe content produced by LPBF processes. 

The formation of the nanoscale cell structure contributed to mitigating/avoiding the formation 
and coarsening of deleterious Si and AlFeSi intermetallic phases such as β-Al5FeSi and α-Al8Fe2Si.  

The partial dissolution of the nano and microsized cellular AlSiFe network during SHT provided 
a slight improvement in elongation to the fracture, however, it decreased the ultimate tensile strain 
significantly.  

In addition to a cellular network coarsening, DAA conditions led to the formation of needle-
shaped MgSi intermetallics at the cellular network boundaries providing a slight strengthening 
compared to the as-printed condition. 
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