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Abstract

a-Al grains surrounded by Al-Si eutectic as the substructures in AlSi10Mg alloy

fabricated by selective laser melting (SLM) were investigated in detail using

three-dimensional atom-probe and transmission electron microscopy. Quantitative

analysis of a-Al revealed (1) the formation of Mg clusters and Mg-Si co-clusters

with a density in the order of 1023 /m3 in a-Al of the as-built state caused by the

complicated thermal history, and (2) a supersaturated Si content that significantly

exceeded the maximum solubility due to rapid solidification, during the SLM

process.
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1. Introduction

Laser powder bed fusion (LPBF), commonly defined selective laser melting (SLM)

is one of the additive manufacturing (AM) technologies that has attracted attention in

recent years due to the achievement of high density by optimization of the process

conditions and the high flexibility of design by layer by layer fabrication based on

three-dimensional (3D) computer-aided design (CAD) models [1]. With the progress

of this technology, manufacturing processes are shifting from conventional methods
.e01186
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to AM processes including SLM in some industries such as the aerospace and med-

ical industries. Many investigations have been widely conducted on the topic of Al-

Si10Mg fabricated by SLM, such as (1) evaluation of the mechanical properties,

microstructure, and fracture surfaces in different orientations to the building direc-

tion [2, 3, 4, 5], (2) characterization of textures depending on the scan strategy

and detailed microstructural analysis [6, 7, 8], and (3) correlations between the me-

chanical properties of SLM samples subjected to heat-treatment conditions. Various

heat treatments of SLM samples have been reported in the literature [9, 10, 11, 12].

These heat-treatment conditions were determined on the grounds of the phase dia-

gram or conventional conditions for Al-Si-Mg ternary alloy fabricated by conven-

tional processes. One of the characteristics of the as-built state of SLM samples is

a fine microstructure of the supersaturated solid solution formed by a high cooling

rate due to a small melt pool. The microstructure after solidification of molten ma-

terial is repeatedly affected by subsequent laser paths. These heating by laser may

cause precipitation and/or its precursor phenomenon during the SLM fabrication

process of AlSi10Mg alloy. However, there are few reports on such microstructural

changes at the nanometer scale [7]; therefore, guidelines for heat-treatment processes

suitable for AlSi10Mg fabricated by SLM remain undisclosed. Accordingly, we

investigate a-Al subgrains in detail as the smallest unit of the AlSi10Mg microstruc-

ture fabricated by SLM using transmission electron microscopy (TEM) and a 3D

atom-probe (3DAP). We also investigate whether there is any clustering or precip-

itation and the quantitative supersaturation content of Si in the a-Al matrix in the as-

built state.
2. Materials and methods

Cuboid SLM specimens with dimensions of 22 � 22 � 27 mm3 were fabricated

from AlSi10Mg powder supplied by LPW Technology whose chemical composition

is reported as Al-9.9Si-0.34Mg-0.11Fe (wt%) and were processed used SLM 280 HL

(SML solutions). The processing conditions for the fabrication of AlSi10Mg speci-

mens in this study are given in Table 1. The laser moves in a zigzag pattern across the

surface of a powder layer from one end to the other as shown in Fig. 1a. Another

powder layer is then deposited on top of this layer, and the laser moves across the

surface of the new layer with the scanned tracks rotated by 90� relative to the pre-

vious tracks. These steps are then repeated (Fig. 1a).
Table 1.Main processing parameters for the fabrication of AlSi10Mg specimens.

Laser power
(W)

Scan speed
(mm/s)

Hatch spacing
(mm)

Spot diameter
(mm)

Layer thickness
(mm)

350 1150 170 80 50
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Fig. 1. OM micrographs of specimen cross sections. (a) Schematic illustration of a sample and the scan

strategy. (b) OM image of as-built SLM alloy, (c) As-cast GDC alloy and (d) T6 heat-treated GDC alloy.

The arrows in (b) indicate the building direction, z.

3 https://doi.org/10.1016/j.heliy

2405-8440/� 2019 The Auth

(http://creativecommons.org/li

Article Nowe01186
The microstructures were characterized using optical microscopy (OM), scanning

electron microscopy (SEM), electron back scatter diffraction (EBSD), TEM, and

3DAP. In SLM process, when the powder layer is melted by the laser, the surface

layer of the substrate just beneath it is also melted. The melting ratio of the powder

layer and the substrate is not stable at the beginning of the process. On the other

hand, remelting does not occur even immediately after completion of fabrication.

For these reasons, the observation area for OM was located at a height of 15 mm

from the bottom of the specimen. The specimen was divided into four, and the inside

of the center was observed as shown in Fig. 1a. Samples used for SEM, TEM, and

3DAP were taken from the same location. The TEM samples were prepared by

focused ion beam (FIB) machining (Hitachi NB-5000). Detailed microstructural ob-

servations were performed using a TEM (JEOL JEM-2100F) equipped with an en-

ergy dispersive X-ray spectroscopy (EDS) detector. Needle-like specimens for

3DAP (Cameca LEAP 4000X Si) analyses were prepared by FIB machining (FEI

Helios 450). All 3DAP measurements were conducted in laser-pulsed mode with

an evaporation rate of less than 0.1% ion/pulse at a base temperature of 70 K. The

laser pulse energy used was 25 pJ. Mass spectra were confirmed due to concerns

of Ga implantation in the specimens during FIB machining and the validity of the

mass resolution. The Gaþ peak was detected in the mass spectrum from the entire

analyzed volume, while there was no Gaþ peak in the mass spectrum from inside
on.2019.e01186
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of the analyzed volume. Therefore, Ga implantation from FIB machining was only at

the surface, and cluster analyses were conducted using the analyzed volume without

the surface region. A mass resolution of M/DM ¼ 367 of the Alþ peak at the full-

width at half-maximum (FWHM) was obtained using the analyzed volume without

the surface region, which indicates sufficient resolution for the atom-probe analysis

[13]. To investigate clustering, a detailed visual inspection of atom maps was per-

formed using an established cluster search algorithm in the IVAS software [14].

Vickers hardness was measured with polished samples and determined using the

average value of 5 independent measurements, except for the upper and lower limits.

Hardness tests and OM observations were also performed for the as-cast and heat-

treated (T6) AlSi10Mg samples, which were produced by gravity die casting

(GDC) as a conventional process for comparison with the results of the SLM

process.
3. Results and discussion

Fig. 1 shows OM images of microstructure viewed along the cross-section of Al-

Si10Mg fabricated by SLM (Fig. 1b) and GDC (Fig. 1c, 1d). The microstructure

in Fig. 1b has typical laser tracks from SLM processing, as reported elsewhere [2,

3, 4, 5, 6, 8, 9]. Although the deposited powder for each layer correspond to 50

mm as shown in Table 1, the observed melting depth of track after melting looks

close to w100 mm since the surface layer of the substrate was also melted when

the powder layer was melted by the laser. In contrast, granular particles and acicular

Si with an Al matrix were observed in the as-cast alloy fabricated by GDC, as shown

in Fig. 1c. The acicular Si was divided by T6 heat treatment and changed to spherical

shape (Fig. 1d). The Vickers hardness of the samples is summarized in Table 2. The

average Vickers hardness of the as-built SLM sample was 121 HV, which is twice

that of the as-cast GDC alloy and almost as high as that of the heat-treated (T6) GDC

alloy.

Thermodynamic calculation for Al-Si-Mg ternary system was conducted using the

Thermo-Calc software package (2016a) with thermodynamic data from the

SSOL4 thermodynamic database. Fig. 2 shows the phase diagram calculated for a

vertical section of Al-xSi-0.35Mg and the calculated solidification path based on
Table 2. Vickers hardness of SLM and GDC AlSi10Mg samples.

Manufacturing method SLM (as-built) Gravity die casting

As-cast T6

HV (200 gf) 121 � 1 61 � 2 114 � 3

Error values are standard deviation s
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Fig. 2. (a) Calculated phase diagram for vertical section of Al-xSi-0.35Mg. The arrow in (a) indicates the

maximum solubility value of Si (1.4 at%) in a-Al in the equilibrium state. (b) Calculated solidification

path of Al-9.9Si-0.35Mg based on the Scheil-Gulliver model.
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the Scheil-Gulliver model [15]. According to the calculated solidification path

(Fig. 2b), primary a-Al grains are crystallized at the initial stage of solidification fol-

lowed by Si. As the solidification progresses, solute atoms (Mg and Si) concentrate

in the remaining liquid phase, then the liquid phase remains until low temperature as

shown in Fig. 2b. Fine Mg2Si is precipitated from a-Al during aging at 160 �C for

7 h, as indicated in the phase diagram since the phase diagram shows the most stable

state (Fig. 2a). These precipitations contribute to the increase of hardness of GDC

alloy after T6 heat treatment (Table 2). The relationship between the microstructure

and hardness of the GDC samples can be easily understood from the thermodynamic

equilibrium calculation, whereas it is difficult to explain the hardness of a sample

fabricated by the SLM process. Crystallized Si was not evident from OM observa-

tions, as shown in Fig. 1b. Thus, it is conjectured that grain refinement and solid so-

lution strengthening caused by rapid solidification lead to the superior hardness of

the as-built SLM sample.

Analyses of the samples fabricated by SLM were conducted using SEM, EBSD,

TEM, and 3DAP for detailed microstructural characterization. Fig. 3 shows SEM

images of cross-sectional of the same sample as Fig. 1. The microstructure viewed

along the cross-section perpendicular to the building direction shows in Fig. 3a. The

inverse pole figure map in Fig. 3b using A1 direction (Normal Direction, ND) which

is the perpendicular to the analysis surface shows that one laser scan track in the

microstructure consists of elongated columnar and equiaxed grains, both of which

contain a substructure of a-Al surrounded by Al-Si eutectic, as shown in Fig. 3c

and 3d, respectively. The two substructures were observed to have a similar shape

for their main structure of columnar and equiaxed grains. In the present study, the

term “subgrains” will be used to distinguish from main grains such as elongated

columnar and equiaxed grains. Elongated subgrains in columnar grains are 1e3

mm several micrometers long and 400e600 nm wide. The reason why the subgrains
on.2019.e01186
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Fig. 3. SEM micrographs of sample cross sections. (a) Backscattered electron images of microstructure

consisting of columnar and equiaxed grains showing the laser scan track. (b) Inverse pole figure orien-

tation map from the dotted frame (a). (c,d) High-magnification images corresponding to regions (c) and

(d) in (a). The arrows in (a, c, d) indicate the building direction, z.
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are extended toward the building direction is that the subgrains grew along the heat

flow direction. The OM image in Fig. 4a shows the region which samples were taken

for TEM and 3DAP analyses. TEM and 3DAP samples were extracted from

columnar grains, which occupied most of the microstructure in the SLM specimens.

Fig. 4b shows a bright field TEM image of the subgrains. A plane perpendicular to

the building direction was observed as indicated the mark to the left of Fig. 4b.
Fig. 4. (a) OM image of the region where TEM and 3DAP samples were extracted. (b) Bright-field TEM

image of substructure. The mark to the left of the figure indicates the direction orthogonal to the building

direction. (c) SAED pattern of a-Al matrix from the area indicated by the circle in (b). The beam direc-

tion is [001]Al.
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The grain sizes of a-Al surrounded by Al-Si eutectic were 400e600 nm, which is

consistent with the grain widths determined from SEM observation (Fig. 3c).

Some dark dots were apparent within the a-Al grains (Fig. 4b). However, there

were no extra reflection spots showing crystallization that corresponded to Si or

Mg2Si in the selected area electron diffraction (SAED) pattern in Fig. 4c taken along

the <100> direction from the area indicated by the circle in Fig. 4b. From these re-

sults, it was found that some dark dots were neither due to precipitation nor crystal-

lization of Si or Mg2Si. which suggests that no precipitation or crystallization of Si or

Mg2Si occurred.

Fig. 5 shows a 3D atom map together with profiles across the a-Al/Al-Si eutectic

interface of the specimen. For the concentration profiles, the atomic numbers were

counted in cylindrical shape with gray color in Fig. 5a. The profiles show that the

average Si content in a-Al was 2.2 at%, which is much larger than the maximum

value in the equilibrium state of 1.4 at% calculated using Thermo-Calc, even at

577 �C (Fig. 2a), if all of these Si atoms are in a supersaturated solid solution.

The concentration profiles also revealed that the average Mg content in a-Al was

0.1 at% and most of the Mg is segregated at eutectic region as shown in Fig. 5b.

The results suggest that the Mg atom is segregated at the surface of Si particles be-

tween a-Al and Si since there is no solubility of Mg in Si.

Fig. 6a shows the 3DAP dataset of another sample with a large a-Al matrix region.

The radial distribution functions (RDFs) of the bulk normalized concentration for

each constituent around Si and Mg atoms in the a-Al matrix, taken from the cylin-

drical region indicated by the solid lines in Fig. 6a, are plotted in Fig. 6b and 6c,

respectively. Bulk normalized concentration means that is scaled by average concen-

tration of each element in the entire cylindrical region shown in Fig. 6a. Zhou et al.

reported that RDF analysis is an effective tool to represent the interactions among
Fig. 5. (a) 3DAP atom map for all elements. (b) Composition profiles of Si and Mg across the a-Al/

eutectic interface. The size of the sampling region for (b) in cylindrical shape with gray color in (a) is

B 11 nm � 70 nm.
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Fig. 6. (a) 3DAP elemental maps for all elements. (b,c) Radial distribution functions around Mg and Si

atoms, respectively, taken from the cylindrical region in (a).
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constituent atoms at the early stage of clustering [16]. Fig. 6b shows an excess of Mg

atoms that tend to gather in the vicinity of the Mg atom. In contrast, the Si atom has

little interaction with other Si atoms (Fig. 6c). These results suggest the formation of

Mg clusters or Mg-Si co-clusters in a-Al during the SLM process. A solute nearest-

neighbor (NN) analysis was conducted to reveal the distribution of solute atoms in

a-Al. Fig. 7a shows the NN distribution of Mg atoms obtained from a-Al matrix

taken from the cylindrical region in Fig. 6a and that expected from random distribu-

tion. “Random” means a natural distribution of the interatomic distances and

“observed” means the analysis result of this work. The present result deviates

from that for random distribution, and is shifted to a lower NN distance, which is

evidence of clustering. Consequently, a cluster search algorithm was applied using

the parameters dmax ¼ 1.25 nm and Nmin ¼ 4. The clusters derived from the cylin-

drical region in Fig. 6a are presented in Fig. 7b. The clusters had an average diameter

of 1.7 nm, assuming spherical clusters. The number of clusters in a-Al was 61 in the

cylindrical region of B65 � 35 nm3, which corresponds to a number density of 5.3

� 1023 /m3. Fig. 7c shows the Mg/(Mgþ Si) atomic ratio plotted as a function of the

cluster volume. Approximately half are Mg clusters and the remaining are Mg-Si co-

clusters. The alloy used in this study contained only 0.38 at% Mg. 3DAP analyses

revealed that most of the small amount of Mg is accounted for by segregation at

the surface of Si particles at the Si/a-Al interface, and by the formation of clusters.

The small particles observed in the TEM image shown in Fig. 4b were confirmed as
Fig. 7. (a) Solute NN analysis of Mg atoms. (b) Mg (light blue) and Si (purple) atom map showing solute

clusters. (c) Mg/(Mg þ Si) plotted as a function of the cluster volume.
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Mg clusters and Mg-Si co-clusters because the SAED pattern (Fig. 4c) from the a-Al

area only revealed face-centered cubic (FCC)-Al. Some small dots within the sub-

grains in the as-built state were observed by TEM have been reported so far, how-

ever, it is not clear what these are [7]. In this paper, we have demonstrated these

small dots are clusters.

The high strength or hardness of the SLM specimens in the as-built state has been

reported to be due to grain refinement of the microstructure and the accompanying

resistance to deformation of fine Si particles [7]. It was verified here that it is neces-

sary to append the effect of the solid solution of Si, which has low solubility (less

than 1.4 at% as shown in Fig. 2a) in a-Al due to the rapid cooling rate, to account

for the high strength of as-built AlSi10Mg SLM specimens in addition to the previ-

ously reported mechanisms. Lattice deformation caused by the differences in atomic

radii of Si (0.118 nm) and Al (0.143 nm) makes the movement of dislocations diffi-

cult [17]. The range of an introduced misfit in the hydrostatic stress field is directly

proportional to the difference of atomic radius between FCC matrix and Si atoms.

Therefore, sufficient solid solution strengthening could be obtained because the

average amount of Si in a-Al was 2.2 at%, which significantly exceeds the solubility

of Si in AlSi10Mg at room temperature. As reported earlier, a-Al cell contains about

2 at% Si using EDX, which was included silica caused by electro-polishing [7]. In

contrast, it is estimated that a-Al contains 4 at% using XRD analysis [18]. Although

there are some differences such as SLM machine for sample preparation, process

condition and analysis method, at least what is common to these results is supersat-

urated Si content that significantly exceeded the maximum solubility due to rapid

solidification during the SLM process. In the literature [18], specimens for analysis

are also taken from the top surface of the fabricated sample. In this case, there is no

remelting in surface so that the large supersaturated Si in a-Al is obtained than this

study or Ref. [7]. Mg clusters and Mg-Si co-clusters in a-Al may provide additional

strengthening in the as-built state; however, in the report on the cluster density in the

heat treated Al alloy fabricated by the conventional method, the order of 1023 /m3

does not contribute to the strength [19, 20, 21]. Hence, it is inferred that clusters

in the SLM sample in this study do not directly contribute to strength in the as-

built state. Having a different viewpoint, it is expected that these Mg clusters and

Mg-Si co-clusters in SLM specimens with the as-built state accelerate the precipita-

tion of Mg2Si or Si as nuclei by subsequent low temperature and/or short-time heat

treatments. The effect of clustering on the microstructural evolution in AlSi10Mg

SLM specimens during aging should be studied as future research. It has been re-

ported that Mg-Si co-clusters are formed in the 6000-family Al alloys (Al-Si-Mg)

and 2000-family Al alloys (Al-Cu-Mg) by conventional wrought process [22, 23].

However, both single Mg clusters and Mg-Si co-clusters were observed in as-built

state of SLM sample in this study. The reason why clustering occurred during the

SLM process is not yet clear. The base temperature increases with the heated build
on.2019.e01186
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platform and the accumulation of laser paths during the SLM process. The temper-

ature of the build platform is kept 373 K before fabrication of the AlSi10Mg SLM

specimen in this study. In addition to the heat transfer from the build platform, the

complicated thermal history owing to the cyclic laser scan and powder lamination

layer was applied to the SLM specimens. It is assumed that one of the causes of clus-

tering is such intrinsic thermal effect during the SLM process. Numerical calcula-

tions to simulate the complicated thermal history during the SLM process are

required in order to find the cause of clustering [24, 25, 26].
4. Conclusions

a-Al subgrains as the smallest unit of the microstructure in AlSi10Mg fabricated by

SLM were studied in detail. The main results are as follows.

(1) A typical laser track microstructure consists of elongated columnar and equi-

axed grains in an SLM sample. The hardness of the as-built SLM sample is

twice that of an as-cast GDC alloy and almost as high as that of a heat-

treated (T6) GDC alloy.

(2) Both types of grains contain a substructure of a-Al surrounded by Al-Si

eutectic. The formation of Mg and Mg-Si clusters with a density in the order

of 1023 /m3 in a-Al is considered to be caused by an intrinsic thermal effect

during the SLM process.

(3) The average Si content in a-Al for an SLM sample was 2.2 at%, which signif-

icantly exceeds the solubility in the equilibrium state of AlSi10Mg. Solid solu-

tion strengthening contributes to the increased hardness of the SLM specimen.
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