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a b s t r a c t

The high Fe-containing AlSi12 alloy was processed by additive manufacturing of laser

powder bed fusion (LPBF) to understand the features of microstructures and mechanical

properties under as-fabricated condition. The Fe impurity was found to be beneficial for

mechanical property enhancement in the LPBFed samples. The parameters including the

combination of laser power of 200 W, scanning speed of 1110 mm/s, hatch spacing of

0.15 mm, layer thickness of 0.03 mm and laser volumetric energy density of 40 J/mm3 were

optimized to achieve a high relative density of 99.7%. The as-LPBFed AlSi12FeMn alloy was

featured by a high density of significantly refined spherical a-Al(Fe,Mn)Si phase (10

e50 nm), which was coherent with the Al matrix. Meanwhile, the as-LPBFed AlSi12FeMn

alloy can deliver superior mechanical properties including the yield strength of 305 MPa,

the ultimate tensile strength of 485 MPa and the fracture strain of 6.1%. The improved

mechanical properties are attributed to synergistic strengthening mechanisms, including

solid solution strengthening, grain boundary strengthening and precipitation strength-

ening. Moreover, the formation of high-density stacking faults (SFs) and Lomer-Cottrell

locks (LCs) in localized regions can also offer strengthening in the as-LPBFed AlSi12FeMn

alloy.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
castings [4], which is detrimental to the mechanical proper-

1. Introduction

AleSi alloys near the eutectic composition are widely used as

foundry alloys to make castings with complex shapes due to

their excellent castability [1e3]. However, AleSi alloys typi-

cally have coarse and acicular eutectic silicon in conventional
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ties. Traditionally, the approaches to improve the mechanical

properties of AleSi foundry alloys include the addition of re-

finers of AlTiB to refine primary Al phase and modifiers of Sr

and Na to refine eutectic Si phase, the manufacturing of

castings under high cooling rates [5,6], and the addition of

strenghtening elements such as Mg, Zn, Cu et al. [7,8]. The
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high cooling rate can result in microstructural refinement and

solute enhancement in solid solution. The higher the cooling

rates, the signifier the enhancement in mechanical properties

can be achieved [9e11]. However, the cooling rate is limited by

the mould materials and the wall thickness of castings, in

which the cooling rates in thin-wall die castings can be up to

103 K/s, but that in extra thick casting is much less than

10�2 K/s in conventional casting techniques [12,13].

One of the significant concerns in AleSi foundry alloys is

the existence of impurity Fe, which can easily form long and

needle shaped b-AlFeSi phase. Generally, b-AlFeSi phase is

detrimental to the mechanical properties and heat treatment

can not significantly alter the morphology of Fe-containing

phases. The Mn is usually added to neutralise Fe to induce

the transformation from b-AlFeSi to the blocky and compact

a-Al(Fe,Mn)Si that is relatively less detrimental to the me-

chanical properties [14]. It was reported [15] that the genera-

tion of a-Al(Fe,Mn)Si phase in the high Fe-containing

AleMgeSi alloys by modulating the ratio of Mn and Fe can

improve the yield strength [16]. Although the addition of Mn

can reduce the detrimental effect of Fe, the Fe-containing

intermetallic compounds still show irregular shapes and

relatively large size due to the relatively low cooling rates

during casting [17]. Therefore, it is significant to refine Fe-

containing compounds in the AleSi alloys with high Fe con-

tents. It is not only beneficial for mechanical property

improvement, but also important to use recycled materials in

industry reduce the energy consumption and carbon foot

print in final products.

Laser powder bed fusion (LPBF) is one of the metal additive

manufacturing (AM) technologies tomake parts with complex

geometries and to achieve ultrafine microstructures through

rapid solidification [18e20]. Because of its unique character-

istics, LPBF has received increasingly considerable attention in

a wide range of metallic materials such as aluminum alloys

[21], copper alloys [22], steel [23], magnesium alloys [24], tita-

nium alloys [25] and nickel alloys [26]. Due to the excellent

castability and low shrinkage, the Ale12Si alloys have excel-

lent capability of LPBF process [21]. Although previous studies

have focused on the effects of different LPBF process param-

eters including atmosphere [27], hatch styles [28], build

orientation [29] on the microstructure and mechanical prop-

erties of AlSi12 alloys. However, the reported mechanical

properties of as-LPBFed AlSi12 alloy are relatively mediocre.

The information for the effect of impurity Fe on the micro-

structure and mechanical properties of as-LPBFed AlSi12 al-

loys was very limited.

In this study, we present the effect of LPBF on the micro-

structure and mechanical properties of AlSi12 based alloys

with high Fe content. An AlSi12FeMn alloy was investigated

from the optimization of LPBF process parameters to the

strengthening mechanism. In particular, the effect of a-

Al(Fe,Mn)Si intermetallic on the strengthening is examined

and discussed in the experimental alloys.
Table 1 e The chemical composition of experimental
alloy powder.

Alloy(wt.%) Si Fe Mn Mg Others Al

AlSi12FeMn 11.25 0.54 0.26 0.01 <0.03 Bal.
2. Experimental

The AlSi12FeMn powder was produced by argon gas atomi-

zation. The particle sizes of the powder were measured in
terms of a laser particle size analyser (Mastersizer 3000, Mal-

vern). The chemical composition of the powder was deter-

mined by inductively coupled plasma atomic emission

spectrometry (ICP-OES, ICAP7000 Series, Thermo scientific)

and the results are shown in Table 1. The LPBF system

equipped with an IPG laser (FS271M, Farsoon) was used to

fabricate the cubic samples with the dimension of

10 � 10 � 10 mm3 and the dog-bone shaped tensile samples

with a gauge length of 30 mm, as shown in Figs. 1a andb and .

The scanning strategy of the laser beam is schematically

shown in Fig. 1c, in which laser scanning was rotated 67�

layer-by-layer. The processing parameters are as follows:

laser power at 200 W, scanning speeds between 555 and

2200 mm/s, layer thickness at 0.03 mm, hatch spacing at

0.15 mm and base plate heating to 373 K. Pure argon was used

to purge the chamber during processing in order to avoid

oxidation of samples.

The relative density of the as-fabricated samples was

evaluated by the Archimedes principle. Structural analysis

was performed by X-ray diffraction (XRD) from a Rigaku X-

2000 with Cu-Ka radiation (lka ¼ 1.54 �A) at 40 kV. The micro-

structural featureswere observed by an FEI Helios NanoLab G3

UC scanning electron microscopy (SEM) equipped with an

energy dispersive X-ray spectrometer (EDS). The samples

were mechanically polished and etched with Keller's reagent

before SEM examination. Electron back scattered diffraction

(EBSD) was conducted on ion polished sample in the same

SEM equipped with a Hikari camera and the TSL OIM data

analysis software. Detailed microstructure was further

analyzed using transmission electron microscopy (TEM, Tec-

nai G2 F20). Thin foil samples for the TEM analysis were pre-

pared by precision ion polishing system (PIPS).

For the mechanical test samples, both sides of the as-

LPBFed samples were mechanically ground using the 2000

grit SiC papers, followed by polishing to required surface

quality. According to ISO standard 6892, the uniaxial tensile

tests were performed at room temperature by MTS Alliance

RT30 tensile testing machine under the strain rate of

1 � 10�3 s�1. Micro-hardness measurement was carried out

using a Buehler 5104 micro-Vickers hardness tester with a

load of 200 g for 15 s. The reported data are the average value

of at least 5 measurements.
3. Results and discussion

Themorphology of the powder particles is shown in Fig. 2. The

powder particles were spheroidal with few small satellite

particles attached to the big powder particles, as shown in

Fig. 2a. The particle sizes of the powder were distributed from

9.9 to 58.8 mm with the median size of 31.5 mm (Fig. 2b).

The effects of laser volumetric energy density (EDV) on the

density and hardness of the AlSi12FeMn alloy are shown in
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Fig. 1 e (a) Optical micrograph (OM) of the AlSi12FeMn samples; (b) Sample size for tensile test; (c) Schematic of the scanning

strategy between successive layers in the LPBF process.

Fig. 2 e (a) SEM micrograph showing the morphology of the AlSi12FeMn alloy powder; (b) The distribution of particle size in

the powder.
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Fig. 3. The laser volume energy density under the processing

parameters could be expressed by [21,30]: EDV¼P/(Vht), where

V is the scanning speed (mm/s), h is the hatch spacing (mm), t

is the layer thickness (mm) and P is the laser power (W). From

Fig. 3a, with the increase of the laser energy density, the
Fig. 3 e The effects of laser energy density on (a) the relative dens
relative density increased quickly to achieve the peak and

then decreased slowly. The highest relative density was

~99.7% at EDV ¼ 40 J/mm3. The relative density was very low

when EDV < 30 J/mm3, which can be attributed to the insuffi-

cient laser energy to completely melt the powders and poor
ity and (b) the hardness of the as-LPBFed AlSi12FeMn alloy.
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Fig. 4 e XRD patterns of the as-LPBFed AlSi12FeMn alloy.
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metallurgical bonding between the solidified layers [31].When

the laser energy density was excessively high, the energetic

arc resulted in turbulence flow in the melt pool and led to the

formation of porosity and other defects [32]. Similar trends

could be obtained for the hardness of the as-fabricated sam-

ples, as shown in Fig. 3b. The trend of hardness was corre-

spondingly similar to that of the relative density. Only a little

difference was observed for the hardness obtained in the

scanning and building directions. The peak hardness was

achieved at 139 Hv in the scanning direction and 136 Hv in the

building direction when EDV was 40 J/mm3. According to the

above analysis, the optimized LPBF process parameters were

P ¼ 200 W, V ¼ 1110 mm/s, h ¼ 0.15 mm, t ¼ 0.03 mm and

EDV ¼ 40 J/mm3.

The XRD pattern in Fig. 4a revealed the phases formed in

the as-LPBFed AlSi12FeMn alloy. It is clear that Al and Si
Fig. 5 e (a) SEMmicrograph in scanning direction and (b) SEMmi

the white frame area).
phases existed in the alloy. No Fe-containing and Mn-

containing phases were detected in Fig. 4, which may be due

to the small amount of the Fe-containing and Mn-containing

phases that could not be detected by XRD. In some cases,

however, the dissolution of the substrate in suitable acid and

separation of precipitates is an effective method for studying

precipitates with very low percentage [33]. SEM images for the

microstructure of the as-LPBFed AlSi12FeMn alloy along the

scanning direction and the building direction are shown in

Figs. 5a and b, respectively. It was observed that the typical

melt pool (MP)microstructure consisted ofMP coarse zone,MP

fine zone and heat affected zone (HAZ) boundaries. The

continuous network of Si-rich eutectic structure was present

in both directions. However, more equiaxed grainswere found

in the scanning direction and more columnar grains were

observed in the building direction. In addition, the cellular Al

matrix was surrounded by spherical eutectic Si particles with

the diameter of ~ 100e200 nm. Similar microstructures have

been reported in as-LPBFed AleSi alloys [18,29,34].

The results of the inverse pole figure (IPF) orientationmaps

are shown in Fig. 6 for the grain boundaries obtained by EBSD

on the scanning and building direction in the as-LPBFed

AlSi12FeMn alloy. Only equiaxed grains can be seen in the

scanning direction (Fig. 6a). The characteristics of melt pool

were easily distinguished by the clear coarse grains zone and

fine grains zone. The microstructure in the building direction

was mainly composed of columnar grains and some equiaxed

grains (Fig. 6b). Similar to the scanning direction, themelt pool

boundaries were also obviously observed in the building di-

rection due to the presence of fine equiaxed grains at the end

of the columnar grains. The average grain size in both di-

rections was similar, which was 11.03 mm and 12.67 mm in the

scanning direction and building direction, respectively. Ac-

cording to the HallePatch relationship, it is known that the

fine grains are significantly beneficial to the strength

improvement of the alloy [30].

To further confirm the phase structure and strengthening

mechanism of the as-LPBFed AlSi12FeMn alloy, the detailed
crograph in building direction (insert: high magnification at

https://doi.org/10.1016/j.jmrt.2022.04.008
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Fig. 6 e IPF orientation mapping images obtained by EBSD showing the microstructural features of as-LPBFed AlSi12FeMn

alloy in (a) scanning direction and (b) building direction.
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TEM investigations were conducted. The bright-field TEM

image in Fig. 7a showed the submicron spherical particles

surrounding the cell-like sub-structure. Fig. 7b and c shows

the typical high-resolution TEM (HRTEM) image of the pre-

cipitate in the as-LPBFed AlSi12FeMn alloy and its corre-

sponding fast Fourier transform (FFT). It can be seen that the

interface of Al/precipitate had a good orientation relationship

and the atoms could be fully coherent with each other. In

order to clearly analyse the elements of the precipitated

phase, the HADDF-STEM image of the cellular structure and

the corresponding EDS mapping are shown in Fig. 7d. The

results further proved that the precipitates were a-Al(Fe,Mn)Si

and the presence of residual Si particles. The Si particles were
Fig. 7 e (a) Bright-field TEM showing the detailed microstructur

image showing the interface of Al/a-Al(Fe,Mn)Si and inserts sho

of the cellular structure and the corresponding elemental mapp
compact with a diameter of about 100e200 nm, which were

consistent with the results observed in the SEM micrograph.

More importantly, the dimension of a-Al(Fe,Mn)Si phase was

about 10e50 nm, which indicates that the a-Al(Fe,Mn)Si phase

was greatly refined by the LPBF processing, in contrast to the

conventional casting [35].

The high-density dislocations and the Orowanmechanism

revealed that the nanometer a-Al(Fe,Mn)Si particles played a

strong anchoring effect on the dislocations, as shown in

Fig. 8a. In addition, the Si particles also had an obstructive

effect on dislocations, which may be attributed to the semi-

coherent interface between Si and Al phases [36]. Interest-

ingly, Fig. 8b shows the formation of stacking faults (SFs) in
e in the as-LPBFed AlSi12FeMn alloy and (b) and (c) HRTEM

wing the orientation by FFT; (d, d1-d4) HADDF-STEM image

ing of Al, Si, Fe and Mn.

https://doi.org/10.1016/j.jmrt.2022.04.008
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Fig. 8 e (a) Bright-field TEM image showing the interactions between nanoparticles and dislocations; (b) bright-field TEM

image and (c) HRTEM image showing the formation of SFs and LCs, confirmed by the inserted inverse FFT pattern.
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the Al matrix. The presence of high-density SFs and Lomer-

Cottrell locks (LCs, formed by the intersection activities of

the SFs) were confirmed throughHRTEM image and its inverse

FFT, as shown in Fig. 8c. The SFs are expected to distort the

interfacial lattice and thus to impede the movement of dis-

locations in Al alloys [37]. In addition, similar to Orowan

mechanism, LCs have the ability to accommodate dislocations

and can anchor dislocations [38]. Normally, the existence of

SFs in Al alloys is difficult because of the high stacking fault

energy (SFE) of Al [39]. The presence of high-density SFs may

be attributed to the supersaturated solid solution of Si in Al

and the addition of Fe that decreases the SFE of Al alloys

[40,41].

Obviously, a-Al(Fe,Mn)Si phases play a crucial role in

improving the performance of the alloy. To analyse the

forming process of a-Al(Fe,Mn)Si, the phase diagram of the

AleSieFeeMn system was calculated with Pandat software

and the results are shown in Fig. 9. According to the results,

the a-Al phase precipitated from the melt first when the Fe
Fig. 9 e Phase diagram of AlSi12FeMn alloy with varyi
content is < 0.25 wt.%; The primary phase is a-Al(Fe,Mn)Si

phase when the Fe content is between 0.25 and 1.13 wt.%; And

the b-AlFeSi phase precipitated first when the Fe content

is > 1.13 wt.%. In the present study, the Fe content of the

AlSi12FeMn alloy is 0.53 wt.%. The a-Al(Fe,Mn)Si phase

precipitated first from the melt at 878 K, followed by the a-Al

phase, b-AlFeSi phase and Si phase in sequential order. This is

another proof that the a-Al(Fe,Mn)Si phase can be formed in

the as-LPBFed AlSi12FeMn alloy.

The tensile properties of the as-LPBFed AlSi12FeMn alloy

prepared using the optimized parameters are shown in

Fig. 10a. The yield strength (YS), ultimate tensile strength

(UTS) and fracture strain of the as-LPBFed samples are

305 ± 5 MPa, 485 ± 8 MPa and 6.1 ± 0.3%, respectively. The

comparison of mechanical properties from the present study

and from the literatures for AleSi based alloys with high Si

content is shown in Fig. 10b. Clearly, the as-LPBFed AlSi12-

FeMn alloy exhibits excellent strength and ductility among

other AleSi alloys including AlSi12 alloys [18,27e29,42e47]
ng Fe content calculated by the PANDAT software.

https://doi.org/10.1016/j.jmrt.2022.04.008
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Fig. 11 e (a) Fracture surface of the as-LPBFed AlSi12FeMn alloys and (bec) high magnifications.

Fig. 10 e (a) Typical tensile stressestrain curves of as-LPBFed AlSi12FeMn alloy and (b) the comparison of the tensile

properties of the as-LPBFed AlSi12FeMn alloy with the reference as-LPBFed AlSi12 and AlSi10Mg alloys.
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and AlSi10Mg alloys [34,48e52]. The average yield strength

and fracture strain of the as-LPBFed AlSi12 alloys in literatures

are ~245 MPa and ~3.9%. In this study, the yield strength and

ductility were increased by ~60 MPa and ~2.2%, respectively.

Fig. 11 shows the fracture surface of the tensile samples. It

canbeobservedthat theexistenceofastep-likemorphologyand

ripple patterns near pores are followed by flatter areas. It in-

dicates that thecrack initiated fromporousareaandpropagated

rapidly after plastic deformation to some extent. The formation

of pores cannot be completely prevented and they are themost

common defect in the LPBF processing due to the un-melted

powder or the presence of moisture on the surfaces of the

powder [21]. The featuresofductile fracturewithnumerous tear

ridges accompanied by dimples can be seen in Figs. 11b and c.

Generally, the high strength mainly comes from multiple

strengthening mechanisms, including solid solution

strengthening, nano-sized a-Al(Fe,Mn)Si phase, SFs and LCs.

In the LPBF condition, the solid solubility of Si in the Al matrix

can reach ~ 7 wt% to 8 wt% instead of the expected 1.6 wt%

[18,53], which will enhance the strength of the as-LPBFed

AlSi12FeMn alloy. In contrast to the die-casting condition

where the size of the a-Al(Fe,Mn)Si phase is ~ 1 mm [35], the a-

Al(Fe,Mn)Si phase is dramatically refined under as-LPBFed

condition. The cooling rate during the fabricated process is a
critical factor, which is 500e1000 K/s in die-casting but ~

104e106 K/s in LPBF process. The high cooling rate leads to the

significant refinement of the a-Al(Fe,Mn)Si phase to size of

10e50 nm. More importantly, the interface of a-Al(Fe,Mn)Si

phase and a-Al phase has a good coherent relationship. On the

other hand, the formation of SFs in Al alloys has been reported

as well [18,36,54]. The strengthening effect of SFs and LCs

phases on mechanical properties has been discussed previ-

ously. Therefore, the SFs and LCs phases and the precipitation

strengthening from the a-Al(Fe,Mn)Si phase contributed the

dominant effect in the strength improvement.
4. Conclusions

In this work, we processed a high Fe-containing AlSi12FeMn

alloy by LPBF. The fabricated alloy samples have demon-

strated excellent mechanical properties. The key findings can

be drawn as follows:

(1) A high relative density of 99.7% for as-LPBFed AlSi12-

FeMn alloy was obtained by the optimized parameters

of LPBF process as follow: laser power of 200 W, scan-

ning speed of 1110 mm/s, hatch spacing of 0.15 mm,

https://doi.org/10.1016/j.jmrt.2022.04.008
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layer thickness of 0.03 mm and laser volumetric energy

density of 40 J/mm3.

(2) The as-LPBFed AlSi12FeMn alloy could offer superior

mechanical properties including the yield strength of

305 MPa, the ultimate tensile strength of 485 MPa and

the fracture strain of 6.1%. The improved mechanical

properties were attributed to synergistic strengthening

of solid solution, grain boundary and precipitation.

Furthermore, the formation of high-density SFs and LCs

in localised regions could also offer strengthening in the

as-LPBFed AlSi12FeMn alloy.

(3) The as-LPBFed AlSi12FeMn alloy was featured by

significantly refined compact a-Al(Fe,Mn)Si phase with

a size of 10e50 nm. The a-Al(Fe,Mn)Si phase was

coherent with the a-Al phase in the interface.

(4) The high-density SFs and LCs were formed in the as-

LPBFed AlSi12FeMn alloy, which were ~5 nm in size

and normally located near the a-Al(Fe,Mn)Si phases.

Meanwhile, the high-density SFs and LCs were found to

be beneficial for the strengthening of the as-LPBFed

AlSi12FeMn alloy.
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