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Abstract

The effect of the volumetric energy density (VED) on the keyhole formation,
microstructural evolution and associated mechanical properties of AISi10Mg
fabricated by selective laser melting (SLM) has been systematically investigated. The
results indicated that three melting modes could be distinguished during the laser
melting process, corresponding to different VED ranges, i.e. conduction mode (<50 J
mm), transitional mode (~50-65 J mm=3), and keyhole mode (>65 J mm=3). A high
VED not only produced keyhole defects and hydrogen pores, but also generated two
types of molten pool, i.e. a general shallow molten pool (GSP) and a keyhole-induced
deep molten pool (KDP). The GSP was mainly consisted of an a-Al matrix, with ~30
um grains size, and enclosed by a ~500 nm eutectic Si cellular network. The grain
size of the KDP was less than 15 pum, and it has both a finer Si network (~200 nm)
and nano-scale Si particles. No preferential crystallographic orientation could be
observed within the KDP, while a strong texture along <111> orientation was
exhibited in the GSP. These were responsible for the different mechanical properties
of the SLM parts under different melting modes. The related mechanisms of the GSP
and the KDP formation are comprehensively discussed and a correlation between the

microstructure and the mechanical properties is also outlined.
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1. Introduction

Aluminum (Al) alloys, the second most widely used metallic structural material
after steel, have broad potential for applications in aerospace, automotive, defense,
and electronics [1, 2]. The performance of Al alloy parts produced by the traditional
casting process is poor due to macro-segregation and the coarse structures resulted
from the low cooling rates [3]. For the preparation of high-performance Al alloy parts,
separate plastic processing (e.g. forging and extrusion) is no longer desirable, owing
to the long production chain and limited flexibility [4]. Therefore, developing a new
technology that can fabricate Al alloy parts in high quality and complex shapes has
attracted extensive attention.

Additive manufacturing (AM) is a relatively new material processing method that
interfuses computer-aided design with material processing and forming techniques [5].
Based on the principle of "discrete-superposition” and using stereolithography (STL)
digital model files, functional and structural materials with complex geometries, high
quality, and high dimensional precision can be prepared. This technology has the
superiorities of high efficiency, high utilization rate of raw materials, and clean
surface of all parts [6]. Selective laser melting (SLM) is the most adopted metal AM
technology and has demonstrated the capability to manufacture functional parts with
complex geometries and nearly full density from various pre-alloyed powders [7-9].

SLM of AISi1l0Mg has been successfully commercialized and become the most
popular one in applying additive manufacturing to Al alloys, owing to its low density,
high specific strength, and ease of processing [10, 11]. The effect of SLM process
parameters and post-treatment on its microstructure and mechanical properties has
been extensively studied [12-14]. However, the investigation of microstructure

evolution induced by the keyhole effect, i.e. vapor depression during melting, and its
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relation to the mechanical behavior are very limited.

The keyhole effect, a notable phenomenon in laser welding, enables the generation
of vapor capillaries (keyhole) via high laser energy [15]. The formation of these vapor
capillaries elevates the energy absorption, resulting in the shape of molten pools
changing from shallow to deep. Because of this stable full penetration process,
keyhole mode laser welding has been widely used in industry [16, 17]. Recently, this
common phenomenon was also noted in SLM due to the rapid development of
high-power fiber lasers [18, 19]. For example, Aggarwal et al. [20] identified a
transition from conduction to keyhole mode in SLM with increasing volumetric
energy density (VED). In fact, the vaporization of materials is generally considered to
be related to extra keyhole defects. To avoid this phenomenon, Cunningham et al. [21]
determined the threshold of keyhole mode in SLM Ti-6Al-4V through ultrahigh-speed
synchrotron X-ray imaging. Nevertheless, previous studies pointed out that pore-free
parts with high mechanical properties (such as high strength, ductility, and wear
resistance) can be obtained under keyhole mode [22-24]. However, the keyhole effect
on the microstructure and mechanical properties of Al alloy (especially in AlSi10Mg)
has rarely been reported. How the melt flows and eutectic Si phase changes during the
SLM process remain unclear. Hence, this paper aims to obtain a comprehensive
understanding of the solidification mechanisms, as well as the relationship between
the microstructural evolution and mechanical properties at different melting modes.

In the present study, the effect of various VEDs on the transition of melting mode in
SLM AISi1l0Mg was investigated. The differences in the microstructure of the alloy
under various melting modes have been analyzed. The associated mechanical
properties, including nanoindentation hardness, creep behavior, and tensile strength

were also studied.
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2. Experimental Details

Spherical gas-atomized AlISi10Mg powders with an average particle size of 27 um
were utilized in this study. The AISi10Mg specimens were prepared by a high-speed
SLM machine (FS 271M, by Farsoon Inc., China) using a laser power (P) from
175-275 W and a scan speed (v) from 500-780 mm s. The powder layer thickness (t)
and the hatch spacing (h) were fixed at 50 pm, and 120 um respectively. The
integrated parameter VED was introduced as follows:

P
VED=E 1)
Therefore, the VED of specimens in this study ranged from 37 to 92 J mm=3. The other
conditions were described elsewhere and thus are not repeated here [25].

The microstructures of the SLM AISi1l0Mg specimen were examined using an
optical microscopy (OM, Leica DM-2700P) and a scanning electron microscope
(SEM, FEI Nova NanoSEM 230) equipped with an electron backscatter diffraction
(EBSD) apparatus. The top-view represents the building plane and the side-view
represents the building direction plane. The deformation structures were carried out
using a scanning transmission electron microscope (STEM, FEI Talos F200X 300 kV)
imaging in both bright-field (BF) and high angle annular dark field (HAADF) modes.
In addition, the density of the SLM AISi10Mg part was measured by the Archimedes
method (a theoretical density ~2.68 g cm™ was used).

To evaluate the tensile strength at room temperature, flat dog-bone-shaped

specimens were machined from the as-fabricated plates with gauge dimensions 8 x 4

x 2 mm. Tensile tests were performed by using an MTS machine (MTS systems, USA)
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with a loading strain rate at 1 x 103 s'. Nanoindentation tests were carried out using
a Nanoindenter (GSM) at room temperature. The maximum load was set at 30 mN
and the holding time was 15s. Each indentation was repeated for five times in
adjacent region to eliminate any anomaly caused by the inhomogeneity of the material.
The nanoindentation creep experiments were performed at a constant load of 30 mN
by holding for 600 s after reaching the maximum load.

3. Results

3.1 Effect of VEDs on densification and the melting mode

As an essential index of the laser welding mode, VED is suitable for comprehensive
evaluation of SLM printing quality. Fig. 1 presents the relative density [25] of the
SLM specimens obtained at various VEDs and the corresponding metallographic
images of polished specimens. As the VED increased from 37 to 92 J mm=, the
relative density of the specimens decreased from 97.1 + 0.05% to 95.2 + 0.15%. It is
worth noting that variations in process parameters (P, v) among the data points result
in variations in density at constant VED. Overall, the plot in Fig. 1 suggests that the
relative density tends to decrease with increasing VED in the given laser energy range,
which is in contrast to previous studies showing the relative density increases with
increasing VED [26]. This discrepancy is mainly ascribed to hydrogen pores and
keyhole defects generated by the increasing VED, as shown in the micrographs in Fig.
la-i. Based on the recent work by Assuncao et al. [27], the melting mode of SLM can
be categorized into three types, i.e. conduction mode (VED < 50 J mm), transition
mode (VED = 50-65 J mm=3), and keyhole mode (VED > 65 J mm?). The VED
applied in conduction mode is insufficient to stimulate substantial vaporization,

therefore, only a few gas pores can be observed on the metallographic images of
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specimens (Fig. 1 a-c). When the VED is in the range of transition mode, the input
energy becomes high enough to vaporize the metal, and thus induces a keyhole at the
bottom of the molten pool. In addition to the large-scale (over 50 pm) hydrogen pores
in metallographic images of specimens shown in Fig. 1 d-f, several gold-colored
regions (referred to as keyhole-induced deep molten pool, KDP) were also observed
inside the molten pool, as marked by arrows. As the VED is further increased into
keyhole mode, the excessive input energy makes the vapor depression much higher
than the surface tension. Therefore, the number of KDP, hydrogen pore, and keyhole
defect increased significantly, as shown in metallographic images of the specimens
(Fig. 1 g-i). By examining the side-view OM images (Fig. S1) of specimens “a”, “e”
and “i” (from Fig. 1), it is evident that the shape of the molten pool changes
significantly as the VED was varied. Compared to the general shallow molten pool
(GSP) in Fig. Sla, the V-shaped KDP in side-view images is only observed in
specimens under transition and keyhole modes. The keyhole effect is the prerequisite
for the formation of the golden regions. Both the Gaussian distribution of laser energy
and the short pause of the laser scanning could lead to the random distribution of

KDP.
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Fig. 1 Relationship between VED and relative density of the AISi1l0Mg specimens
fabricated by SLM, and the corresponding top-view metallographic images of the
specimen labelled on the graph.

3.2 The Difference between the GSP and the KDP

To better understand the difference between the GSP and the KDP, SEM images at
higher magnification of specimens “a” and “i” are shown in Fig. 2. The molten pool
boundary of specimen “a” in top-view and side-view is shown in Fig. 2a. The molten
track is characterized by novel eutectic cellular structures with a grey a-Al matrix
enclosed by white Si networks. The side-view of the molten pools shows columnar
a-Al grains surrounded by numerous elongated Si networks. During the SLM process,
the chemical composition on both sides of the solid-liquid (S/L) interface is similar,

and the columnar grains will grow along the maximal thermal dissipation direction



©CO~NOOOTA~AWNPE

according to the heterogeneous nucleation and epitaxial growth mechanism [28].
Therefore, from the top-view and side-view SEM images, it can be inferred that the
three-dimensional structure of SLM AISi10Mg is characterized by columnar primary
a-Al along the building direction surrounded by the intergranular eutectic Si network.
To better understand the structure of the cellular network, a deeply-etched specimen
was also examined in SEM, as shown in Fig. 2b. The top-view images of the
specimen show only the eutectic Si cellular network with a grid size of ~500 nm.

The KDP boundaries of specimen “i”” in the top-view and side-view are also shown
in Fig. 2c. It is clear under high magnification in the SEM that the cells in the KDP
have a finer size than those in the surrounding GSP. This fine structure accounts for
the KDP region being gold-colored in the OM images. The KDP region presents a
light color when viewed under low magnification in the SEM. No keyhole defects
were observed at the bottom of this KDP, implying that the change in molten pool
shape does not necessarily result in keyhole defects. It shows that hydrogen pores are
the main reason for the decrease of density. The deeply etched KDP (Fig. 2d) exhibits
similar substructures compared to the conventional cellular network (Fig. 2b).
However, the size of the Si network (~200 nm, referred to as Si microtube) in the
KDP is much smaller than that in the GSP (~500 nm). Moreover, a large proportion of
the KDP does not have the microtube structure owing to the strong convection of the
melt flow, which means that the nano-scale Si particles (as marked in Fig. 2d) are

unevenly distributed.
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Fig. 2 SEM microstructures from top-view and side-view of he GSP and theKDP
under (a) conduction and (c) keyhole mode; the top-view of (b) GSP and (d) KDP
structures after deep etching.

3.3 EBSD and Texture Analysis

The EBSD results from the KDP obtained from the side-view of specimen “i” are
displayed in Fig. 3. In order to determine the grain size distribution and grain
boundary misorientations, the boundaries between the KDP and the GSP are
delineated in Fig. 3a (lines inside the box). A bimodal grain size distribution was
found in the side-view images (Fig. 3b), consisting of fine and coarse groups. To
compare the grain sizes in different regions, we selected sections inside the box with
grain sizes either higher than 20 um or less than 15 pum, and the results are shown in
the corresponding poles figures (PF) in Fig. 3c and 3d. It is illustrated that the grain

10
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size around the GSP is larger than 20 um and a strong <111> texture is observed. In
the KDP, the grain size is less than 15 um and the orientation of the grains is irregular
owing to the fluctuations of the heat flow and multiple remelting. In addition, the
grain sizes in both the GSP and the KDP are an order of magnitude larger than those

of Si networks, revealing that the cells are subgrains.
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Fig. 3 EBSD analysis of the KDP: (a) Inverse pole figure images; (b) the distribution
of grain sizes; (c) the region with grain size larger than 20 um and corresponding pole
figures; and (d) the region with grain size less than 15 um and corresponding pole
figures.

3.4 Nanoindentation

Nanoindentation hardness and creep tests were performed on the KDP and the GSP
of transverse (T) and longitudinal (L) sections of specimen “i”. Fig. 4a shows
load-displacement curves of the GSP-T, the KDP-T, the GSP-L, and the KDP-L under

a load of 30 mN. The hardness of corresponding indents is calculated, as shown in Fig.

11
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4b. The hardness of the KDP in the SLM specimen is apparently higher than that of
the GSP, and the hardness in the longitudinal section is higher than that in the
transverse section for the same molten pool. Typical depth-time curves are shown in
Fig. 4c. The displacement curves initially show a linear relationship, but eventually
reach a stable state at longer time. By determining the stress exponent of the material,
it is possible to illustrate the creep mechanism. The power-law relation [29] for strain
rate during nanoindentation creep can be written:

E=Co" (2
in which C is a constant, ¢ refers to the applied stress on the material, and n denotes
the stress exponent. The stress o can be defined as the applied load P divided by the
contact area Ac in the uniaxial tensile test. The stress state under the nanoindentation
is complicated. For a Berkovich indenter, Ac can be approximated as Ac = 24.5h?,
where h is the displacement of the indenter [30]. Because the shape of the indentation
formed during creep is indicative of the indenter depth, the indentation strain rate &
can be replaced by the ratio of the instantaneous rate h' and the head displacement h,
where the instantaneous rate h' is the first derivative of the head displacement h versus
time t [31]. Fig. 4d presents the corresponding strain rate versus stress curves. The
stress exponents of the GSP-T, the GSP-L, the KDP-T, and the KDP-L specimens are
52, 32, 28, and 23, respectively. It is obvious that the stress exponents of the GSP are
higher than those of the KDP, and anisotropy is evident by comparing the data in the
transverse and longitudinal sections. Such high-stress exponents for SLM AlSil0Mg

have not been reported in other cast alloys.

12
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Fig. 4 Nanoindentation measurements of the KDP and the GSP: (a) load-displacement
curves, (b) hardness; (c) displacement-time curves under a load of 30 mN at room
temperature; (d) In-In plots of strain rate versus stress.

3.5 Tensile properties

Figure 5 shows the tensile properties of SLM AISil0Mg specimens with various
VEDs (from 37 to 92 J/mm?) [25]. Obviously, the ultimate tensile strength (UTS) of
SLM specimens still maintains a high level (~450 MPa) at transition mode, and only
decreases as VED further increases to keyhole mode. By contrast, the clear downward
trend of yield strength (YS) appears earlier (~58 J mm), as marked in Fig 5. Porosity
is one of the main factors affecting tensile properties. The growing pores will reduce
the actual load-bearing portion of the section and degrade the tensile properties.
Looking back on the change of density, it can be inferred that the tensile properties

did not immediately decrease as expected owing to the formation of KDP. In addition,

13
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the elongation (EL) presents a trend of first increasing and then decreasing, and
reaches the maximum value of 7.7 £ 2.1% at the transition mode. For comparison, the
tensile test is performed on as-cast specimens. The corresponding true stress and
work-hardening rate (0 = do/de) versus true strain curves of SLM and as-cast
specimens are shown in Fig. S2. It is clear that the work-hardening rate of the SLM
specimen is still very high (~2000 MPa) up to fracture. While the work-hardening rate
of the as-cast specimen is lower and drops rapidly, with the necking stage occurring at
the strain of 0.087. The values of tensile properties, such as ultimate tensile strength

(UTS), yield strength (YS), and elongation (EL) in this study are summarized in Table
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Fig. 5 Tensile properties of SLM AISi10Mg specimens for various VEDs [25].

Figure 6 shows fractographs of SLM AISi1l0Mg specimens processed at various
VEDs as well as the as-cast alloy at different magnifications. It is evident that both the
size and number of pores increase with increasing VED. A large number of dimples
without pores can be observed in the fractograph of the as-cast specimen, indicating

the occurrence of substantial plastic deformation during the tensile testing. In contrast,

14
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the fractographs of SLM specimens exhibit typical brittle cleavage fracture, which is
responsible for the low ductility. Interestingly, the morphology of the cleavage plane
is similar to that of the Si network, indicating that the high strength and relatively low

elongation of SLM specimens are related to the eutectic Si networks.

4 || i@leavage plage

y N
VED I
J/mm? 37

Fig. 6 Fractographs of SLM specimens (a) specimen “a”, (b) specimen “e”, (C)
specimen “i”” and (d) as-cast specimen.

3.6 TEM analysis

To further verify the contribution of the KDP in deformation, a typical bright field
(BF) STEM top-view image of SLM AISi1l0Mg (specimen “i”) after tensile testing is
shown in Fig. 7a. Although the cells in both the GSP and the KDP show evidence of
deformation after tensile testing, the KDP still consisted of a high density of finer
cells (~200 nm, a similar size to undeformed cells), indicating much lower
deformation than the GSP (the size of Si network is more than 1 um along loading
direction). Note that the width of the cell boundaries in the GSP is slightly larger than
that in the KDP (Fig. 7b and c). In addition, a few Si precipitates are observed inside

both cells, see Fig. 7b and ¢, with no obvious difference between them. An HRTEM

15
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image of a typical Si precipitate along with fast Fourier transforms (FFT) of the
Al-matrix and Si precipitate are shown in Fig. 7d. The FFTs indicate an orientation
relationship of ([001]a//[1-1-1]si and (020)ai//(202)si) between the a-Al matrix and
the precipitate. The streaking in FFTs indicates that stacking faults exist in the Si
precipitates. Fig. 7e-i present the HAADF-STEM image and corresponding energy
dispersive X-ray (EDS) maps of the cells. The elemental mapping clearly shows that
the elongated cell boundaries contain a Si phase, which is consistent with the SEM
results (Fig. 2). Additionally, segregation of the Mg and Fe only occurs at cell

boundaries/triple junctions of the GSP (Fig. 7h-i).
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Fig. 7 TEM BF image of (a) low and (b-c) high magnification (corresponding to the
red regions indicated in Fig. 7a) showing the elongated cellular-like structure
observed in SLM AlSi10Mg specimen “i” after tensile testing; (d) HRTEM image of
a Si precipitate along with the FFTs; (e-i) HAADF-STEM image and corresponding
EDS maps of Al, Si, Mg and Fe elements.

4. Discussion

4.1. Microstructural evolution

16
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The distinctive SLM forming process is essentially solidification and accumulation
of micro molten pools in different regions. It is well accepted that superheating during
the SLM process leads to an inhomogeneous microstructure (10-200 nm Al-rich and
Si-rich regions) of the molten pool in Al-Si based alloys [14, 32]. In the subsequent
solidification process, the a-Al phase first precipitates and grows from the liquid
phase, thereby enhancing the concentration of Si-rich regions in the residual liquid.
This makes it enter the eutectic region, resulting in eutectic phase evolution by the
co-operative growth of two phases [33, 34]. This sequential solidification of
AIlSi10Mg will produce a two-phase distribution of a-Al and eutectic Si. Due to the
low cooling rate in conventional castings, the eutectic Si particles grow and
eventually form large rods or needles [35]. However, the large temperature gradient in
SLM induces a high degree of undercooling and high surface tension gradient, hence
leading to Marangoni flow in different convection modes. Initially, a novel
well-ordered structure forms by both diffusion and transportation via
Bénard-Marangoni drifting convection (Fig. 8). Subsequently, cellular subgrains were
nucleated at the high cooling rate, which gives rise to the formation of a

super-saturated Al matrix containing a fine Si network in the SLM AISi10Mg.

17
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Fig. 8 Schematic diagram of (a) conduction mode and (b) keyhole mode, (c) drifting
cell and (f) surface drifting cell, (d) the GSP and (e) the KDP microstructures.

4.2 The formation mechanism of KDP

The formation of the KDP is commonly accompanied by keyhole defects, i.e. pores
inside the gold-colored regions [24]. However, compared with the conduction mode,
the keyhole mode has the advantages of both a small melting zone and a small
heat-affected zone, thereby reducing the occurrence of cracks [22, 36]. A high VED is
conducive to instantly melting and evaporating the alloy, and thus forming a keyhole,
as shown in Fig. 8b. The formation of a stable V-shaped keyhole is attributed to the
balance between the recoil pressure and surface tension. Once the laser is removed,
the metal liquid in the molten pool will backfill into the keyhole owing to the high
surface tension and the hydrostatic pressure [37]. If the backfilling is insufficient, the
keyhole defects form at the bottom of the deep molten pool. Otherwise, the KDP with
a fine microstructure will be produced. There are two major reasons for the formation

of the fine substructures in the KDP. On one hand, at higher VEDs, the elevated

18
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temperature gradient makes the internal convection of the molten pool transit from
Drifting Cell (DC) to Surface Drifting Cell (SDC) mode [38]. The SDC mode has a
smaller convection size and more intense convection level. Fine Si microtubes
(<200 nm) are subsequently generated at high cooling rates. On the other hand, there
is strong turbulence in the KDP arising from melt backfill, which prevents the
formation of a continuous Si network. The unevenly distributed nano-scale Si
particles are deposited in the solidified microstructure.
4.3 Mechanical properties analysis

Based on the aforementioned analysis, the GSP region consists of an a-Al matrix
combined with a eutectic Si cellular network in a specific direction (Fig. 8d), while
the KDP region consists mainly of an a-Al matrix, Si microtubes, and nano-scale Si
particles (Fig. 8e). The nanoindentation hardness is significantly dependent on the
ratio of the a-Al volume fraction to that of the eutectic Si in the contact area between
the indenter and the specimen. Since the microhardness of the Si phase (= 950 HV) is
much higher than that of the a-Al phase (= 70 HV) [39, 40], increasing the fraction of
the Si phase in the eutectic structure can greatly increase the hardness of the alloy.
The creep mechanisms of metal materials are mainly determined by diffusion and the
motion of dislocations [41]. It is well accepted that the stress exponent is a useful
indicator to infer the creep mechanism. For example, n = 1 for diffusion creep, n = 2
for grain boundary sliding, 3 < n < 6 for a dislocation-climb mechanism, and 7 < n <
10 for a dislocation slip mechanism [42-44]. Particularly, in the case of extremely

high-stress exponents (n > 10), the creep mechanism is generally considered to

19
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involve a high-density of dislocation-particle interactions [45]. This phenomenon
usually occurs in multi-component or multi-phase engineering alloys, such as Al
metal matrix composites (MMCs). Therefore, SLM AISil0Mg specimens can be
considered as MMCs where nano-sized eutectic Si networks act as “reinforcement
particles” [46]. The dislocations motion in the GSP was pinned by the eutectic Si
networks, resulting in an abnormally high creep stress exponent. However, some of
the Al matrix remains interconnected in the KDP, which allows dislocations to bypass
the “reinforcement particles”, thereby alleviating the dislocation-particle interactions
and reducing the stress exponents. Moreover, the refined grain size in the KDP could
increase the grain boundary activity, which also reduces the stress exponents [47]. As
previously reported in SLM IN738LC alloys, the anisotropy of creep behavior in the
SLM specimens is attributed to the columnar grains and Si networks growing along
the building direction [48]. The lower stress exponents on longitudinal sections arise
because the grain and cell boundaries parallel to building direction have been mostly
eliminated. Compared to the creep tests on the GSP, the columnar-free microstructure
in the KDP can effectively alleviate creep anisotropy.

Turning to the tensile properties, although the supersaturated Al matrix and Si
precipitates are the reasons for the enhancements of the strength, the anomalous
hardening capacity is the main contributing factor in strengthening of SLM specimens
as compared with those of as-cast specimens. However, the strength enhancements
come at the cost of decreased elongation, i.e. severe deformation and even cracking

along the Si networks (Fig. S3) during deformation, and sudden fracture after
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reaching the wultimate tensile stress without any necking. This anomalous
work-hardening capacity, as presented in Fig. S2, has been shown to be related to the
Si networks [49]. During tensile plastic deformation, the hard-phase Si network
restricts the deformation of the soft-phase Al matrix near the interfaces, therefore
generating large strain gradients and a high density of geometrically necessary
dislocations at the Al/Si interface. The KDP with interconnected Al matrix and Si
microtubes effectively released the strain gradient at the interface, thus reducing the
possibility of local cracks and significantly improving the elongation. Wu et al. [50]
have suggested that dislocations are transmitted through the thin Si network
boundaries during deformation, which means that dislocations are more likely to glide
through the KDP structure. Furthermore, the extra characteristics of the KDP, such as
small grain size, high solid solubility, and no preferred orientation, could also
effectively improve mechanical properties and alleviate anisotropic behavior. The
ultimate tensile stress and elongation of the SLM and as-cast Al-Si alloys in this work
are compared with values in the literature [14, 32, 51-61], as shown in Fig. 9. With an
excellent combination of strength and ductility, the mechanical performance of SLM
AlSi10Mg alloy in this study exceeds the previously reported SLM Al-Si alloys,
making it a promising candidate for practical applications. Besides, it is worth noting
that the tensile properties of SLM specimens are generally superior to as-cast alloys,
which indicates that SLM, as an emerging technology, has a great potential to fill gaps

in traditional technologies.
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Fig. 9 Plot of tensile stress versus elongation for various Al-Si alloys, including both
the current work and data from the literature.

However, the balance between the KDP and pores has become a new issue. The
specimens under keyhole mode have the most KDPs, but high density of
accompanying pores limits the improvement of mechanical properties of the alloy. By
drying the raw powder at high-temperature, the hydrogen pores (the main part of the
defects) formed by the reaction between aluminum and H>O can be avoided [25],
which provides an exciting prospect for solving this problem. Thus, the KDP formed
by the keyhole effect might offer the possibility of overcoming the strength-ductility
trade-off for Al-Si alloys. A thorough study of SLM AISi10Mg with full-KDP and
high density will be reported in future publications.

5. Conclusions

In this work, the solidification mechanisms, microstructural evolution, and
mechanical properties of AlSi10Mg fabricated by SLM at different VEDs have been
systematically studied. Based on these experimental results and analysis, the

following conclusions can be drawn:
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1)

()

(3)

(4)

()

Three types of melting mode, i.e. conduction mode, transition mode, and keyhole
mode, occur in SLM AISi10Mg, which are strongly dependent on the VED. The
relative density decreases with increasing VED owing to the elevated
concentration of hydrogen pores and keyhole defects upon the transition from
conduction mode to keyhole mode.

The SLM AISi10Mg, consisting mainly of eutectic Si and a-Al phases, exhibits
two archetypal molten pools, i.e. the GSP and the KDP. The GSP structures have
~30 um grains with <111> strong texture and contain a ~500 nm eutectic Si
cellular network. The grain size in the KDP is less than 15 um without any
preferred orientation. The KDP substructures include ~200 nm eutectic Si
microtubes and nano-scale Si particles.

The nanoindentation hardness of the AISi10Mg specimens fabricated under the
keyhole mode is 165-200 HV. Owing to the finer subgrains, the nanoindentation
hardness is higher in the KDP than the GSP. The different microstructures
observed in transverse and longitudinal sections are also revealed in the
anisotropy of the nanoindentation hardness values.

The high-stress exponents of the SLM AISi10Mg indicate that the creep behavior
is controlled by a high-density of dislocation-particle interactions. The
columnar-free microstructure in the KDP can effectively alleviate the anisotropy
of the creep behavior.

The UTS of SLM specimens in current study is more than 70% higher than those

of as-cast specimens, with an acceptable sacrifice of ductility. The SLM
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AlSi10Mg fabricated in the transition mode at a VED of 58 J mm exhibits a high
tensile strength (UTS: 458 + 13.6 MPa, YS: 293 = 8.0 MPa) combined

with reasonable ductility (7.7 £ 2.1%).
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