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Abstract

A novel Al-5Mg:Si-2Mg alloy was processed by selective laser melting (SLM) to
understand its representative features of microstructural evolution and mechanical
properties during additive manufacturing (AM). The as-SLM fabricated
Al-5Mg2Si-2Mg alloy is found to deliver much less hot cracks and other defects.
Meanwhile, excellent mechanical property is also achieved, i.e. 452+11 MPa for
ultimate tensile strength, 295+14 MPa for yield strength, and 9.3+2.5% for elongation.
Clearly, these mechanical properties are better than that obtained by high pressure die
casting (HPDC), and better than some other alloys obtained by SLM. The as-SLM
fabricated Al-5Mg2Si-2Mg alloy is featured by the significantly refined
microstructures in the compact primary a-Al, the divorced Mg:Si eutectic networks
distributing at a-Al grain boundaries, and some a-AlFeMnSi phase in association with
eutectic MgaSi phase. The high strength and ductility of the alloy is attributed to its
unique features including (a) the reduced solidification range, (b) the possible increase
of the eutectic level in the microstructure, and (c¢) the shift of eutectic point and the

maximum solubility point of Mg2Si in Al matrix.
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1. Introduction

Selective laser melting (SLM) has been attracting significant attention in
manufacturing net shape components with industrial scale products because of its
promising capability of fabricating complex geometries directly from computer-aided
design (CAD) models [1,2]. In addition to the improvement of design flexibility and
cost reduction, SLM can also deliver equivalent or even improved mechanical
properties compared to cast and/or wrought counterparts in Ti alloys, Ni-based
superalloys, and stainless steel, etc. However, the fabrication of high-performance
aluminium alloys using SLM is much more challenging because aluminium alloy
powders usually have poor flowability, high laser reflectivity and high thermal
conductivity, resulting in a demand of high laser power to overcome the rapid heat
dissipation [2,3]. Moreover, aluminium alloys are highly prone to oxidation and easy
to form porosity and other defects [4,5]. Therefore, the mechanical properties of
common aluminum alloys fabricated by SLM are far from satisfaction and special

cares are necessary for SLM of aluminium alloys.

In SLM fabricated aluminium alloys, both wrought alloys and cast alloys have been
considerably studied for the commercially available alloys. However, it is found that
SLM fabricated Al-Si based alloys [6] can offer good strength with low defects, but
poor ductility under as-built condition. The SLM fabricated Al-Cu based [7,8], and/or
Al-Zn-Mg-Cu based alloys [9] can provide high strength but high susceptibility of hot
cracking. Also, the Al-Mg-Sc-Zr based alloys [10,11] are high cost, although the
strength and elongation are very good. Therefore, it becomes important to develop a
new SLM fabricated Al alloy that have good strength, good ductility, low hot-crack
susceptibility and low cost. In the meantime, some SLM fabricated aluminium alloys
were thermally treated through solution and/or ageing in order to achieve higher
strength. However, high temperature solution introduces high residual stress and easy
to cause distortion in industrial components. Also, the heat treatment itself consumes
energy. More importantly, the existing results showed that many solution and ageing
heat treatment processes are not beneficial for mechanical properties of SLM
fabricated aluminium alloys because of the introduction of casting defects [12,13,14].
Therefore, it is more attractive to have improved mechanical properties in the SLM

fabricated parts without or with minimal heat treatment.

In principle, most engineering AISiMg and AlMgSi alloys are Al-Mg>Si based
materials. These can be expressed as Al-MgzSi alloys with extra Si and/or Al-Mg2Si



alloys with extra Mg. Most of the commercially available wrought alloys and cast
alloys are Al-Mg»Si with extra Si. These alloys can be solutionised and/or aged for
improving the mechanical properties by forming precipitates during heat treatment.
The studied alloys of AA6061, A5052, A5083 and Al10SiMg (Silafont 36) are fallen
to this category. However, there is limited study for the alloys belonging to Al-Mg2Si
with extra Mg, from which the microstructure and mechanical properties are all
unclear for the SLM fabricated materials. On the other hand, the research in high
pressure die casting (HPDC) have confirmed that, under as-cast condition, some
Al-Mg>Si alloys with extra Mg can offer better mechanical properties than many
Al-Mg>Si alloys with extra Si [15,16,17]. Therefore, it is attractive to study the
Al-MgoSi alloys with extra Mg using SLM process to improve the mechanical

properties under as-SLM fabricated condition.

In the present paper, we aim to study the microstructure and mechanical properties of
Al-5Mg>Si-2Mg alloy, in which the characterization of powders, microstructure,
phase formation and tensile properties were investigated. The discussion focuses on
the microstructural evolution, the mechanical properties and the associated

strengthening mechanisms.
2 Materials and methods

2.1 Pre-alloyed powder preparation

Al-5Mg>Si-2Mg alloy powders were manufactured in house by gas atomization. High
purity argon was selected as protective atmosphere to avoid the oxidization during
atomization. The chemical composition of raw pre-alloyed powder was calibrated by
inductively coupled plasma atomic emission spectrometry (ICP-AES) and the results
are listed in Table 1. The alloy powder was sieved into a size distribution range of
7-50 um and the mean size of 25.9 um, which was measured using a laser particle size
analyzer (Matersizer). The details for the particles are shown in Figure 1. The powder
exhibited spherical shape with a slight satellite ball particle (Figure 1a). It is also seen
from Figurel(c) and (d) that few flaws were observed in the cross-section of the
powder. The primary a-Al phase in Figure 1d showed dendritic liked shape with a
size of ~10 um. The very fine eutectic Mg2Si phase was distributed between the a-Al

phases.
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Figure 1 (a) SEM image showing the morphology of Al-5Mg,Si-2Mg alloy powder with Ar gas
atomization; (b) Particle size distribution of the atomized powder; (c) and (d) SEM images
showing the morphology of atomized article on the cross section and detailed microstructure of

Al-5Mg,Si-2Mg alloy.

Table 1 The composition of experimental alloy powder calibrated by ICP-AES (in
wt.%).

Alloy Mg Si Mg,Si Mn Fe Others Al

Al-5Mg,Si-2Mg wt.% 203 - 5.05 0.42 0.11 <0.08 Bal.

2.2. SLM fabrication process

A FS271M SLM system (Farsoon, Inc, China) were utilized to fabricate alloy samples.
The SLM machine was equipped with a 500 W Gaussian beam fiber laser with a focal
laser beam diameter of 90 um. The SLM operation was performed in an inert argon
atmosphere to avoid oxidation of the alloy. The samples were built layer-by-layer on
an aluminum alloy plate of 6061, which was grit-blasted with alumina prior to
installation. The laser scanning strategy was used 67° rotating scanning

layer-by-layer.

The cubic samples with the dimension of 10x10x10 mm were initially printed using
different processing parameters. Processing parameters were set as follows: hatch
spacing (h) at 0.1 mm, layer thickness (t) at 0.05 mm, laser power (P) at 270, 310, 350,
390, and 430 W, scan speed (v) at 500, 800, 1000, 1200, and 1400 mm-s~'. The
calculated laser energy density-range are VED=54 J-mm> to VED=125 J-mm



according to Eq. (1) [18,19].
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where P is the laser power (W), V the scan speed (mm/s), / the hatching space (mm),
and ¢ the layer thickness (mm). According to Eq. (1), a high laser energy density can
be obtained by increasing the laser power, and/or decreasing the layer thickness or the
hatching space. The dog-bone-shaped tensile samples with a gauge length of 25 mm
and cross-section 4.0 x 2.0 mm? were printed based on the optimal printing
parameters. The as-printed samples were then machined into one batch in order to

maintain the similar levels of machining errors.

2.3. Characterization

The relative density of the SLM processed samples was measured by Archimedes
Drainage Method. Phase constituents were identified using X-ray diffraction (XRD)
from a Rigaku X-2000 diffractometer with Cu Ko radiation (Aka = 1.54 A) at 40 kV.
The samples were mechanically polished and etched using Keller’s solution for SEM
examination. The microstructures were observed using an FEI nano 230 field
emission scanning election microscope (FE-SEM) equipped with an energy dispersive
X-ray spectrometer (EDS). The grain size and preferred lattice were measured at
microscale using electron backscattered diffraction (EBSD) in a different SEM
(Hitachi S-3400 N). EBSD was equipped with an Oxford instrument Aztec HKL®
imaging system. To distinguish the detailed microstructure, further characterizations
were performed using transmission electron microscope (TEM: Tecnai G2 F20)
operated at 200 kV. Thin foil specimens for the TEM analysis were prepared using

focusing ion beam (FIB).
2.4 Mechanical properties

Dog-bone-shaped tensile samples were cut by electrical discharge machining from the
printed samples. Both sides of the specimens were carefully ground to a 2000 grit
finish using a SiC paper. The uniaxial tensile tests were performed using a material
testing system (MTS Alliance RT30) at room temperature (=20 'C) with an

1

engineering strain rate of 1x10° s!. Micro-hardness was measured by a



micro-Vickers hardness tester with a load of 300 g for 10 s (ASTM E 384-08). All the

reported data are the average value of at least 5 measurements.
3. Results
3.1 SLM fabrication processing windows

Figure 2 shows the variation of relative density with the applied volumetric energy
density (VED) for the cube samples. It is seen that the relative density had a rapid
increase up to 99.5% with increasing the VED up to 77.5 J-mm>, followed by a
plateau at the mean relative density of 99.5 + 0.07% when the VED > 77.5 J-mm .
Clearly, the further increase in the VED was not significant to maximize the density of
printed samples in our experimental. Therefore, the VED >77.5 J-mm > should be a
good option for achieving the material density >99.5%. The dependence of material
density p on VED shown in Figure 2 can be described by a mechanical growth model

according to Eq. (2):
p =ci(1—c, 107VED) (2)

The fitted parameters using the Euler-method are ¢1=0.996+0.0003, ¢2=0.283+0.109
and ¢3=0.0497+0.006.

1.000

0.995 +

0.990 +

0.985 +

Relative density

0.980 + "

0.975

50 65 80 95 110 125
Volumetric Energy Density (J/mm?)

Figure 2 The relationship between relative density and volumetric energy density.

In the meantime, the increase of scanning speed led to a linear decrease of VED. The
laser power was also proportional to the VED. Therefore, the selection of scanning
speed and laser power in SLM process should be based on the VED. The effect of
VED on the hardness of as-SLM fabricated Al-5Mg2Si-2Mg alloys is shown in Figure

3. With increasing the VED, the micro-harnesses showed a slight increase and then a



slight decrease. The peak hardness was at 80 J/mm® VED. Previous studies have
shown that the hardness can be tailored by changing processing parameters [20, 21,
22]. At lower VEDs, the presence of undissolved alloy particles due to lack of fusion,
and the balling effect could result in lower hardness. However, as the VEDs are
relatively high, numerous melt pools and splashes from inside the unstable melt pools
lead to severe gas inclusions in the melt, which ultimately deteriorates the hardness.
Additionally, it is observed that the micro-harnesses were higher in the horizontal
direction than those in the building direction. Based on the sample density and
hardness, the optimized processing parameters were defined as: Vs= 800 mm/s, and
P=310 W, VED= 80 J/mm°.
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Figure 3 The effect of volumetric energy density on the hardness of as-SLM fabricated
Al-5Mg,Si-2Mg alloy.

3.2 Phase analysis

Figure 4 shows the XRD spectra of Al-5Mg>Si-2Mg alloy under powder and as-SLM
fabricated condition. It is obvious that the diffraction of a-Al and Mg2Si peaks was
clearly visible in the powder and SLM fabricated samples. No new phase was
introduced during SLM processing. It is also noted that the peaks of Mg2Si were
weakened for the SLM fabricated samples, indicating that some Mg2>Si phase was
possibly solutionised into a-Al matrix due to the high heating/cooling rate during

SLM fabricating process.
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Figure 4 XRD spectra of the experimental alloy under powder and fabricated conditions.

3.3 Refinement in as-fabricated microstructure

Figure 5 shows the EBSD image of as-SLM fabricated alloy along horizontal
direction and building direction, which are parallel and perpendicular to the base plate,
respectively. It can be observed that the individual grain on the matrix with different
colors. The microstructure on the cross plane parallel to the base plate consisted
mostly of equiaxed grains at an average size of 20 um with very fine of 1 pm in the
local area. Along the vertical direction on the cross-plane perpendicular to the base
plate, the morphology of columnar grains is obvious and the size can be up to
hundreds of microns long and up to 1-20 um wide. Moreover, it is noted that some
regions in the conjunction areas of the columnar grains contained fine equiaxed grains.
It is also seen that no significant texture evolutions were obtained in the as-fabricated

microstructure. Similar results have been observed in the as-SLM fabricated other

aluminium alloys [2,5].

Figure 5 EBSD images of as-fabricated Al-5SMg,Si-2Mg alloy along (a) the horizontal direction
(in cross plane parallel to base plate), (b) the building direction (in cross plane perpendicular to

base plate), and (c) corresponding IPF map.



To further understand the detailed characteristics of as-SLM fabricated microstructure,
Figure 6 shows the detailed microstructure along the horizontal direction (Figure 6a-c)
and along the building direction (Figure 6d-f). The typical microstructure was
controlled by melt pool (MP). It is seen a MP coarse zone observable in the matrix in
both directions. In the horizontal direction, the equiaxed grains contain a
homogenously distributing cell-like sub-structure typically on the scale of about 500
nm, with boundaries of Mg>Si rich-regions. The typical feature in the horizontal
direction is that the equiaxed grains existed in the whole section, only difference was
the tiny fine grains in the edge of MP zone. However, in the building direction, three
zones were clearly observed in the microstructure. A heat affected zone (HAZ) was
seen as a transition between MP coarse and MP fine zones. Two differences were
found in the microstructures: (1) the equiaxed grain is much large in the building
direction (Figure 6e) was much coarser than that in the horizontal direction (Figure
6b); (2) the columnar grains along the vertical direction contained a homogenously
distributing nano fiber-like structure, as indicated in Figure 6f. These suggest that the
effect of base plate heating is obvious. Clearly, no dendritic microstructures were
observed in the as-SLM fabricated Al-5Mg2Si-Mg alloy, but the coarsened equiaxed
grains were found. The typical lamellar eutectic structures were also not observed, but
the fiber-like structure should be the eutectic structure under as-SLM fabricated
condition. Measurements of the volume fraction of Mg>Si eutectic have been carried
out on the secondary electron images obtained in SEM. These measurements
confirmed that there was about 30.6340.05 vol.% in the MP fine zone and 24.26+0.03
vol.% in the MP coarse zone of Mg>Si in cells, sub cells and grain boundaries in the
as-fabricated samples. Another feature in the microstructure was that the refined
microstructure was actually not uniformed, the local heterogeneity was clearly the

results of multistage solidification in the melt pools.

To further confirm the element distribution in the refined microstructure,
HAADF-STEM image and the elemental mapping of cell-like sub-structure are shown
in Figure 7. It is seen that the Mg and Si distributed clearly along the Al grain
boundaries, confirming the Al-MgxSi eutectics were formed in a divorced approach
and showed no traditional lamellae structure in the eutectic cell. It is also noted that
Mn and Fe were precipitated together with MgxSi. The morphological features
showed likely as a-AlFeMnSi phase. The detailed HAADF-STEM image and the

elemental mapping of Fe-rich phase are present in Figure 8. It is confirmed that the



Fe-rich phase is composed of Al, Fe, Mn, and Si. Therefore, although the exact
composition was not able to measure in the fine structure, the morphological feature
and component elements indicated the Fe-rich intermetallics is most likely to be the

same one found in die casting process [23].

Figure 6 SEM images showing (a) the overall microstructure, (b) the detailed microstructure in
zone 3, and (c¢) the detailed microstructure in zone 1 along the horizontal direction; (d) the overall
microstructure, (e) the detailed microstructure in zone 3, and (f) the detailed microstructure in
zone 1 along the building direction in the SLM fabricated Al-5Mg,Si-2Mg alloy. 1- MP fine zone,
2- HAZ (heat affected zone), 3- MP coarse zone.

Figure 7 HAADF-STEM image showing the microstructures of as-built Al-5Mg,Si-2Mg alloy and
individual elemental mapping of Al, Mg, Si, Mn and Fe.



Figure 8 HAADF-STEM image showing the microstructures of intermetallic phase in the as-built

Al-5Mg,Si-2Mg alloy and individual elemental mapping of Al, Fe, Mn, Si and Mg.

Figure 9 shows the detailed microstructure in the cellar structure and the interface of
Al/Mg>Si with the orientation of FTT. It can be seen that the cell-like sub-structure
were identified as Al cells and the Mg>Si was distributed around the individual Al cell.
Critically importantly, the HR-TEM in Figure 9b showed the interface of Al/Mg>Si
had a good orientation with (001)ai//(001)mgzsi. The atoms could be coherent each
other at the interface. This is critical for strengthening mechanism as a coherent
interface means that a precipitation strengthening is possibly developed under certain

condition, which will be possibly open a window for SLM processing.

; o] AI[0013{020)//Mg, Si{0011{020)

Figure 9 (a) Bright field TEM showing the detailed microstructure in the cellar structure and (b)
and (c) HRTEM showing the interface of Al/Mg,Si and the inserts showing the orientation of FTT.



3.3 Mechanical properties

Figure 10 shows the tensile strength—strain curves of as-SLM fabricated
Al-5Mg2Si-2Mg alloy. It is seen that the as-SLM fabricated Al-5Mg2Si-2Mg alloy
offered excellent mechanical properties, including the ultimate tensile strength (UTS)
of 452+11 MPa, the yield strength of 295+14 MPa and the elongation of 9.3+2.5%.
The tested samples exhibited a good consistence in the yield strength, UTS and

elongation because of the very small difference in the tensile properties.
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Figure 10 Tensile stress-strain curves of as-SLM fabricated Al-5Mg,Si-2Mg alloy.

In order to understand the properties offered by different aluminium alloys processed
by SLM. Table 2 listed the detailed comparisons in the yield strength, UTS and
elongation from published data. It is seen that, as the popular hypoeutectic aluminum
alloy, Al-(7-10)Si-Mg have been tried by different researchers. However, the yield
strength, UTS and elongation were very different in the results obtained by different
researchers, in which the UTS was from 284 to 434 MPa, the yield strength was from
182 to 322 MPa and the elongation was from 1 to 25 %. Clearly, the UTS, yield
strength and elongation of as-SLM fabricated Al-5Mg:Si-2Mg alloy were much
higher than that of most of the as-SLM fabricated Al-Si-Mg alloys. More precisely, as
the first data reported for Al-5Mg:Si-2Mg alloy processed by SLM, the results
showed an excellent combination of strength and ductility. It is noted that the solution
treatment and ageing heat treatment of Al-(7-10)Si-Mg alloys are not very beneficial
for the property improvement as the inherent gas contents is high in SLM fabricated

alloys.



Table 2 Mechanical properties of SLM fabricated Al-Si alloys from different literatures

Material Condition Yield UTS Elongation  Ref.
strength (MPa) (%)
(MPa)
Al-5Mg>Si-2Mg As-SLM fabricated 295+14 452+11 9.3+£2.5% This
work
Al7Si10.3Mg As-SLM fabricated 210 400 11 [24]
horizontal
As-SLM fabricated vertical 200 390 10 [24]
Al7Si0.6Mg As-SLM fabricated 280 410 7.5 [25]
horizontal
As-SLM fabricated vertical 240 400 7 [25]
AI9Si3Cu As-SLM fabricated 219+20 374 £ 11 1.9+0.2 [26]
As-SLM fabricated 236+8 415+ 15 5.0+2.0 [27]
Al10SiMg As-SLM fabricated 245 ~330 1.2 [28]
horizontal
As-SLM fabricated vertical 220 310 1 [28]
As-SLM fabricated - 396 3.5 [29]
As-SLM fabricated 360 6 [30]
As-SLM fabricated 268+2 333+15 1.4+0.3 [31]
As-SLM fabricated 255+13 377+13 2.240.2 [32]
As-SLM fabricated 182 282 25 [33]
horizontal
As-SLM fabricated vertical 184 284 18 [33]
As-SLM fabricated 206-241 360-390 5-6 [33]
horizontal
As-SLM fabricated vertical 198-208 345-357 3 [34]
Al11SiCuMn As-SLM fabricated 350+£5 470 £ 18 1.8+£04 [34]
Al12Si As-SLM fabricated 225 360 5 [36]
As-SLM fabricated 260 £5 380 3 [37]
Al12Si0.75Mg As-SLM fabricated 354.9 427.7 2.54 [38]

Similarly, the yield strength, UTS and elongation obtained from SLM fabricated
Al-5Mg>Si-2Mg alloy were all higher than that of Al-Si-Cu and Al-Si alloy. However,
the as-SLM fabricated Al-5Mg2Si-2Mg alloy offered less yield strength, UTS and

elongation than AlZnMg alloys and AlMnScZr alloys. Overall, the resultant

mechanical property confirmed that the Al-5Mg:Si-2Mg alloy can be proceed by

SLM and can offer excellent combination of yield strength, UTS and elongation,

which is applicable in industry under as-fabricated condition.



4. Discussion

4.1. Alloy features and microstructural evolution

Al-Mg>Si based alloys are important in casting materials. The main advantages come
from the unique features of magnesium silicide (Mg2Si), which exhibits low density
(1.99x10° kg'm™), high melting temperature (1085 "C), high hardness (4.5x10° N-m™),
high elastic modulus (120 GPa) and low coefficient of thermal expansion (7.5%107
K-1). Moreover, Mg>Si benefits castability in aluminium alloys. Therefore, Al-Mg>Si

based alloys show excellent combination of physical and mechanical properties.

Generally, binary Al-Mg>Si alloy actually represents a ternary system with a ratio of
1.73 between Mg and Si. Al-Si-Mg alloy with this specific Mg:Si ratio is able to be
further strengthened by precipitate strengthening with solution and ageing process. In
our studies, it is found the addition of extra Mg into Al-Mg>Si alloy can shift the
eutectic point and the maximum solubility point of Mg2Si in Al to the left, as shown
in Figure 11a. Therefore, the Al-Mg>Si-Mg alloy can offer a few unique advantages
including (1) the reduced solidification range with the same amount of Si, which is
beneficial for the reduction of shrinkage during solidification. (2) the possible
increase of the eutectic level in the microstructure. Theoretically, through maintaining
the same amount of Si in the alloy, the addition of Mg could make the alloy as a
eutectic alloy. Therefore, the strengthening from secondary phase is possibly
enhanced. (3) The shift of the maximum solubility points of Mg:Si in Al matrix
results in the malfunction of precipitate strengthening through solution and ageing
process. More importantly, these will result in the improvement of castability because
of the decrease of solidification range and existence of Mg2Si, which can significantly
reduce the casting defects. Therefore, the much-improved elongation can be obtained
as shown in Figure 10, which clearly showed the ductility (9% elongation) of studied
alloy is much higher than most of SLM Al-Si alloys (1~5% elongation) under

as-fabricated condition.
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Figure 11 (a) Equilibrium phase diagram of Al-Mg:Si and Al-Mg:Si-2Mg alloys
calculated by Pandat, and (b) the fraction of solid phase evolved during solidification
calculated using Scheil-Gulliver non-equilibrium solidification model for Al-5Mg-2Si

alloy.
The hot cracking susceptibility can be qualified using the hot cracking index

developed by Easton et al. [39] as CSI; = fTZ “ f. dT and another version developed

by Kou [40,41] as CSIx = max

| |
poris

the fraction solid in the semisolid. The index is closely linked to the steepness of the

solidification curve near (f5)"*=

1. An alloy exhibiting a greater steepness tends to be
more  susceptible to cracking during solidification. = Therefore, the
hot-crack-susceptible alloys can be identified from their solidification curves. The
shapes of these curves are determined by the compositions of the constituent alloys
and can be described using a Scheil-Gulliver solidification model based on the
equilibrium phase diagram, as shown in Figure 11b for AI-5Mg2Si-2Mg alloy. Pandat
was used to simulate sequential steps from the liquidus temperature to an approximate
solidus temperature through the calculation of the fraction of solid and the
composition of the new liquidus at each point. Susceptible alloys have large
solidification ranges between the liquidus and solidus temperatures and sharp turnover
in the solidification curves at high fractions of solid [42]. The sharp turnover is
typically associated with the increased levels of strengthening solute that partitions in
the liquid to a high degree during solidification. Associated thermal shrinkage leads to
tearing and cavitation in that thin films of interdendritic liquid that is present at the

high solid fraction.



Decreasing the solid fraction at which the turnover occurs or reducing the difference
between the solidus and liquidus temperatures will improve resistance to tearing.
Clearly, the Al-5Mg:Si-2Mg alloy has a turnover at lower solid fraction and the
difference between liquidus and solidus temperature is at a level of 31 °C, leading to a
low tendency for cracking during solidification. The fraction of solid phase evolved
during solidification with lowering the temperature calculated using Scheil-Gulliver

non-equilibrium solidification model.

Meanwhile, due to the narrow solidification range by adding extra Mg into the
pseudo-binary Al-Mg»Si alloys still exhibit a typical hypoeutectic microstructure. The
morphology and the size of eutectic Mg2Si have a great influence on the mechanical
properties of the materials. It is highly desirable to be able to limit the growth of
Mg>Si phase under high cooling rate during solidification. SLM processing can offer
rapid solidification at a cooling rate, which is an effective way to modify the
Al/Mg2Si eutectic. Therefore, the morphology of Mg2Si can be maintained compact

and the size is well refined.

4.2. Strengthening and mechanical properties

Al-5Mg>Si-2Mg alloy fabricated by SLM in this study exhibits a high yield strength
of 295 MPa. The alloys are normally strengthened by various strengthening
mechanisms mainly including solid solution hardening; grain refinement, secondary

phase strengthening and Orowan strengthening mechanism.

In the alloy, MgxSi can potentially maximize the solid solution strengthening. The
lattice parameter of Mg2Si (6.35 A x 6.35 A x6.35 A) is larger than Al (4.05 A x
4.05 A x4.05 A). It is known that rapid cooling during solidification can lead to a
significant increase in the solid solubility. According to the equilibrium phase diagram
in Figure 11a, the effect of solid solution strengthening comes from the solute Mg and
Mg>Si in Al matrix. During the SLM forming process, the rapid cooling in the molten
pool hinders the formation of MgxSi particles, resulting in supersaturation of Mg»Si in
the Al matrix. These enhance the solid-solution strengthening to improve the strength

of Al-5Mg:Si-2Mg alloy processed by SLM.

Also, the strengthening by grain refinement is significant as the results of the
combination of heterogeneous nucleation and growth restriction of SLM process. This
benefits from the formation of fine equiaxed grains [43,44]. The strengthening from

grain size is well known according to Hall-Patch model.



The in-situ eutectic Mg:Si particles are located at the grain boundaries, as shown in
Figure 9. Large amounts of nanoscale Mg»Si particles segregated at grain boundaries
of Al matrix can impede the boundary sliding under stress. The pinning effect has
been theoretically descripted by Zener pinning [45]. Meanwhile, nanoscale Mg>Si
particles possibly offer the effect of precipitates in the alloy, although no systematic
evidence is observed. It is suspected that the fine Mg>Si particles may also promote
the dislocation bowing because of the coherency between Mg>Si and Al matrix, which
could offer the strengthening likely to be so-called Orowan mechanism. Obviously,
the unique microstructures in SLM fabricated alloys may contain unique
strengthening mechanisms and these need to be systematically investigated for better

understanding.

5. Conclusions

In this work, the effect of SLM on the microstructure and mechanical properties of an
Al-5Mg>Si-2Mg alloy was studied. The SLM fabricated alloy samples have
demonstrated excellent mechanical properties. The main conclusions can be drawn as

follows:

(1) The Al-5Mg2Si-2Mg alloy can be successfully processsed by SLM to make sound
samples. The as-fabricated samples are free of hot cracking with limited other
defects. The unique features of the alloy include (a) the reduced solidification
range, (b) the possible inrease of the eutectic level in the microstructure, and (c)
the shift of eutectic point and the maximum solutbility point of MgzSi in Al

matrix.

(2) The as-SLM fabricated Al-5Mg:Si-2Mg alloy offeres excellent mechanical
properties, in which the ultimate tensile strength is 452+11 MPa, the yield
strength is 295+14 MPa and the elongation is 9.3+2.5%. Clearly, these
mechanical properties are greater than that obtained by high pressure die casting,

and greater than many alloys obtained by SLM.

(3) The as-SLM fabricated samples are featured by significantly refined
microstructure in the compact primary a-Al, the divorced Mg:Si eutectic
distributed at o-Al grain boundaries, and some of a-AlFeMnSi phase in

association with eutectc Mg>Si phase.

(4) The microstructure on the cross plane parallel to the base plate and along the

building direction consists mostly of equiaxed grains at an average size of 20 pm



in the melt pool (MP) coarse zone and with very fine of 1 pm in the local area MP
fine zone. Along the vertical direction on the cross plane perpendicular to the
base plate, the morphology of columnar grains are obvious and the size can be up

to hundreds of microns long and up to 1-20 um wide.

(5) HR-TEM image for the interface of Al/Mg:Si show that the Al cell have a good
orientation with Mg>Si in A1(001)//Mg2Si(001). The coherent interface is possibly
very important for enhancing the strengthening effect under as-fabricated

condition. This could be important benefits for the alloy processed by SLM.
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