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Abstract
In order to study the effect of gas atmosphere on forming performance of laser powder bed fusion (LPBF), AlSi10Mg alloy 
was prepared by direct forming and in situ laser remelting under the shielding gas of argon and nitrogen in this study, and its 
microstructure and properties were characterized and tested, respectively. The results show that the forming performance of 
AlSi10Mg under nitrogen atmosphere is better than that of argon. Moreover, in situ laser remelting method can effectively 
enhance the relative density and mechanical properties of AlSi10Mg, in which the densification is increased to 99.5%. In 
terms of mechanical properties, after in situ remelting, ultimate tensile strength under argon protection increased from 
444.85 ± 8.73 to 489.45 ± 3.20 MPa, and that under nitrogen protection increased from 459.21 ± 13.77 to 500.14 ± 5.15 MPa. 
In addition, the elongation is nearly doubled and the micro-Vickers hardness is increased by 20%. The research results provide 
a new regulation control method for the customization of AlSi10Mg properties fabricated by LPBF.
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1 Introduction

Aluminum alloy has lightweight, high thermal conductiv-
ity and good mechanical properties [1]. It is widely used 
in aerospace, automobile and traditional manufacturing 
industries [2]. However, traditional manufacturing methods, 
such as casting, are prone to produce pore inclusions, result-
ing in poor performance of parts. Forging requires expen-
sive and complex molds, which increases production costs 
and lead times [3]. Therefore, there is an urgent need for a 
technology suitable for producing complex parts in small 
batches and short delivery time. Laser powder bed fusion 
(LPBF) is one of the most promising metal additive manu-
facturing (AM) techniques, which provides unique and great 
potential for manufacturing parts with complex geometry. 
These features make it meet the requirements mentioned 
earlier, while selective laser melting (SLM) based on laser 

beam high-speed scanning (maximum speed 7 m/s) is cur-
rently one of the most widely used LPBF technologies. It 
selectively melts the pre-laid thin layer powder to manu-
facture bulk parts layer by layer. One considerable advan-
tage of SLM is that processing thin powder layer (usually 
20–100 μm) on the substrate with small laser spot diameter 
(about 70 μm) can accelerate the cooling rate of metal pow-
der melting and solidification  (106–108 ℃/s) [4]. For this 
reason, SLMed metallic materials were known to produce 
unique microstructures, such as melt pools and fine grain 
structures. Another advantage of SLM is that slicing based 
on the 3D model can easily manufacture parts with complex 
geometric structures, such as implicit curved porous radiator.

SLM forming process is affected by plenty of parameters. 
During the SLM processing of AlSi10Mg, the molten pool 
is extremely unstable with obvious spark spatter, which is 
easy to form pores, indicating an evident need to reduce 
porosity [5]. And from printing parameters such as laser 
power or scanning speed to post-treatment processes such 
as heat treatment, these process parameters determine the 
final mechanical properties of parts. Since pores and cavities 
will weaken the structure of parts, it is an effective method 
to improve the relative density of manufactured parts in 
order to obtain the best mechanical properties [6]. Scanning 
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strategy is one of significant parameters affecting porosity, 
microstructure orientation and crack formation. SLM pro-
cessing parameters (laser power, scan speed, hatch spacing, 
and block size) affect the porosity and mechanical micro-
structure of AlSi10Mg [7, 8]. The results showed that local 
cracking was caused by a large amount of unmelted powder, 
which warns that it was of great significance to optimize the 
laser processing parameters. Coincidentally, Thijs et al. [9] 
also investigated the effects of unidirectional scanning and 
bidirectional scanning on the pre-alloyed AlSi10Mg. The 
hardness of AlSi10Mg alloy processed by SLM in their study 
was only 127 ± 3 HV0.5; however, Thijs et al. [9] found that 
rotating the scanning direction within or between layers by 
90° can improve some characteristics, such as microstructure 
homogeneity or surface quality. However, rotating the scan-
ning direction within or between layers by 90° can improve 
some characteristics, such as microstructure homogeneity 
or surface quality.

Meanwhile, the researchers studied the effects of differ-
ent process parameters on the porosity and surface rough-
ness of 316 stainless steel, Ti6Al4V [10] and 18Ni300 [11] 
were studied. The results showed that the remelting scan-
ning strategy was effective in reducing porosity and increas-
ing part density, but at the cost of increasing production 
time. Specifically, the appropriate remelting parameters 
can reduce the average surface roughness to approximately 
Ra 4 μm. Selective remelting of the final layer may also be 
advantageous in improving surface finish. It was also found 
that laser surface remelting (LSR) would affect the chemical 
properties of Ti6Al4V parts prepared by SLM. The thick-
ness of the surface oxide layer of laser surface remelting 
sample was twice that of the non-surface remelted [12]. 
Although some people have studied the laser remelting 
of titanium alloy and stainless steel, few pay attention to 
the effect of the in situ laser remelting on AlSi10Mg with 
higher laser reflectivity. Besides, the mechanical properties 
of AlSi10Mg alloy obtained by previous SLM are generally 
lower than 450 MPa, which is far from meeting the require-
ments of aerospace and automotive parts. Therefore, in order 
to manufacture high-performance aluminum alloy parts, it 
is necessary to further study the effect mechanism of in situ 
laser remelting on microstructure and tensile properties of 
AlSi10Mg alloy.

In addition, shielding gas plays an important role in the 
quality of selective laser melting (SLM) parts by protect-
ing metals from high-temperature oxidation. In terms of the 
influence of inert shielding gas atmosphere (Ar,  N2 or He) on 
laser powder bed fusion, a comparative study of SLM manu-
facturing under argon and helium atmospheres was carried 
out to better understand the impact of gas atmosphere on the 
process stability, and the nickel base alloy and single melt 
channel structure were investigated [13]. The results show 
that no matter what kind of shielding gas used, the influence 

for the size of the single track presented to be constant, and 
the spatters generated fewer and smaller with the increase 
in the volume energy density under helium atmosphere. The 
atmosphere used either Ar or  N2 has not minutely stated for 
the AlSi10Mg alloys processed by SLM [14].

In this study, the SLM process has been combined with 
in situ laser remelting to manufacture the AlSi10Mg alloy. 
The main focus of this work is to study the effect of the 
in situ laser remelting on the microstructure and the mechan-
ical properties. The in situ remelting was also implemented 
to further reduce porosity and spatter. Furthermore, we cor-
relate the influence of the in suit laser remelting heat treat-
ment input with the microstructures (such as phase forma-
tion, melt pool), the Vickers microhardness and mechanical 
properties. Meanwhile, the texture and tensile properties of 
AlSi10Mg alloy fabricated by SLM under different inert gas 
(nitrogen or argon) are wholly considered.

2  Experimental

2.1  Materials and LPBF Equipment

The powder used in the experiment was a gas-atomized 
AlSi10Mg alloy (AVIMETAL AM Co., Ltd., China). Fig-
ure 1a shows scanning electron microscopy (SEM) micro-
graphs of the powder morphology, and illustration displays 
nearly spherical in shape of the powder. Figure 1b shows 
the particle size distribution of AlSi10Mg powder, which 
measured by HORIBA LA960S type laser particle size 
analyzer. The particle size of the used AlSi10Mg powder 
was 53–105 μm with excellent flowability [15] of 42 s/50 g 
obtained by Hall flowmeters in accordance with the ASTM 
B213-17 standard [16]. Table  1 provides the chemical 
composition of the used AlSi10Mg alloy powder compar-
ing with the ISO 3522 standard [17]. This study was con-
ducted in a DiMetal-100 LPBF equipment (South China 
University of Technology, China), and Fig. 2a illustrates 
its technical principles in this study. It consists of an IPG’s 
500 W Ytterbium fiber laser (1070 nm wavelength), a high-
precision scanning galvanometer at maximum speed of 
7000 mm/s. The thickness of the processing layer is within 
20–100 μm, and the largest forming size of the parts is 
100 mm × 100 mm × 150 mm. High purity nitrogen or argon 
was imported during the building process to exhaust oxygen.

2.2  Selective Laser Melting Process

Figure 2b shows the principle of S-cross orthogonal inter-
layer stagger scanning strategy adopted in the additive 
manufacturing process of the AlSi10Mg alloy. Scanning 
line is half staggered from the two scanning distances of 
the previous scanning layer, and the X–Y scanning path 
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Fig. 1  a SEM images of AlSi10Mg powder, b particle size distribution of AlSi10Mg powder used

Table 1  Chemical composition 
of the used AlSi10Mg alloy 
powder and ISO 3522 standard 
AlSi10Mg powder (wt%)

Powder Al Si Mg Fe Mn Zn Others

AlSi10Mg Bal 10.15 0.35 0.16 0.20 0.043 < 0.10
ISO 3522 [17] Bal 9–11 0.20–0.45 < 0.55 < 0.45 < 0.1 –

Fig. 2  a Schematic of the experimental SLM equipment, b scanning strategy of “S-cross Orthogonal inter-layer stagger,” c schematic diagram of 
SLM remelting process
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is in the shape of "S." The laser remelting scanning was 
rotated 90° from the starting direction of the previous 
layer. The SLM process in this study based on the opti-
mized processing parameters already performed [18], 
as in detail listed in Table 2. Our optimized parameters 
were using a laser power of 220 W, a scanning speed of 
1100 mm/s, a hatching space of 80 μm and layer thick-
ness of 30 μm. In case of laser remelting, a laser power 
of 200 W, scanning speed of 1200 mm/s and hatching 
space of 80 μm were used. Figure 2c presents a schematic 
diagram of SLM remelting process, and the parts were 
scanned again immediately without recoating powder after 
selective laser scanning a layer and melting the AlSi10Mg 
powder.

The sample manufacturing process consists of four 
steps and formed parts as shown in Fig. 3a. Firstly, the 
SLRM-Ar samples of AlSi10Mg alloy were printed on 
the aluminum substrate under a high purity argon atmos-
phere. Then, once the specimens’ building height reached 
8 mm, the build processing was interrupted and open the 
door of the building chamber to allow air to fully flooded. 
After this step, the building chamber was purged with high 
purity nitrogen until the oxygen level below 100 ppm, then 
keeping building SLM remelting samples (SLRM-N2) 
with the same height as the previous step constructed. To 
be clear, SLMed samples were constructed in a nitrogen 
atmosphere (SLM-N2) and argon atmosphere (SLM-Ar) 
in turn. During the whole manufacturing process, the 

chamber oxygen content controlled within 100 ppm and 
the pressure was held at 20–40 mbar.

2.3  Microstructure Characterization

Samples were cut off from the building Al-based substrate 
by wire electrical discharge machining using water-based 
coolant and subsequently cleaned of oil by ultrasonic clean-
ing. Prior to performing any metallography, phase identi-
fication of as-built samples was conducted by X-ray dif-
fraction (PANalytical X'pert Powder, Netherlands) with Cu 
Kα radiation at 40 kV and 40 mA, using a continuous scan 
mode and scanning range of 20°-100° at scan step size of 
0.013°. Four 8 mm × 8 mm × 8 mm cubical samples’ den-
sity (theoretical density in this work: 2.68 g/cm3) measure-
ments were performed using distilled water by Archimedes 
method [19]. After the sample was cut off from the substrate, 
it was mechanically polished with SiC paper (#400, #800, 
#1200, #2000 grit size), and then final surface polishing 
with a 0.05 μm silica suspension by an automatic metal-
lographic grinding and polishing machine. Subsequently, 
samples were etched with Keller’s reagent (2.5 mL  HNO3, 
1.5 mL HCl, 1 mL HF, and 95 mL distilled water) for 40 s 
and cleaned with alcohol. The microstructure, scanning 
tracks, and molten pools were investigated by using an opti-
cal microscope (LEICA DMI 5000 M, Germany). The quan-
titative image analysis of grain size was carried out based 
on SEM images using traditional line interception technique 
[20] by ImageJ software. For each specific process, data 

Table 2  SLM processing 
parameters used for four batches 
of AlSi10Mg alloy

Laser power 
(W)

Scanning speed 
(mm/s)

Scanning 
space (μm)

Layer thick-
ness (μm)

Atmosphere

SLM 220 1100 80 30 Argon or nitrogen
SLM remelting 200 1200 80 – Argon or nitrogen

Fig. 3  a Bulk and tensile test samples (8 mm height for each items) fabricated by SLRM-Ar, SLRM-N2, SLM-N2 and SLM-Ar in turn, b relative 
density of SLM and SLRM parts
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were obtained from three SEM images. Microstructure and 
fracture morphology were analyzed by scanning electron 
microscopy (NOVA NanoSEM 430 and QUANTA 200, 
Netherlands); in addition, the chemical composition of the 
manufactured parts was analyzed with electron-dispersive 
spectroscopy (EDS).

2.4  Mechanical Properties

Tensile samples were fabricated using optimized pro-
cess parameters with cross section and gage length of 
3 mm × 3 mm and 25 mm, respectively, which according 
to the ISO 6892-1:2019 standard [21] as shown in Fig. 3a. 
After tensile samples were cut from the substrate, the ten-
sile tests were performed on an electronic universal testing 
machine (CMT5105, China) with 100 kN maximum force 
and an electronic extensometer. Six specimens were used for 
each group for the purpose of ensuring the data reliability. 
Tensile specimens were deformed to displacement control 
at 0.2 mm/min at room temperature. In addition, the Vickers 
microhardness measurements were carried out on the pol-
ished sample by HVS-1000Z microhardness tester under a 
load of 200 g (1.96 N) and a loading time of 15 s. A total of 
10 points were measured on the side of each batch of sam-
ples with an interval of 0.5 mm along the building direction.

3  Results and Discussion

3.1  Phase Identification and Composition

X-ray diffraction analysis (XRD) was performed on the 
samples’ surface to do the phase composition analysis. 

The XRD test results of AlSi10Mg alloy samples with 
different SLM scanning strategies are shown in Fig. 4. 
Obviously, the peaks of SLRM-Ar/SLRM-N2 samples 
were similar to the ones of the SLM-Ar/SLM-N2 sample, 
which means that the phase composition in all samples 
is similar. Besides, it can be seen from Fig. 4a that all 
AlSi10Mg alloy samples formed by SLM consist of the 
diffraction peaks of α-Al phase and Si phase. Particularly, 
the SLMed AlSi10Mg samples prepared by in situ remelt-
ing show obvious crystallographic texture growth along 
the (1 1 1) plane. Compared with the standard powder at 
38.472° (from ICDD card 04-0787), the main peak (2θ) 
of Al (1 1 1) of the SLMed alloy moved to right as shown 
in Fig. 4b. The diffraction peak of SLRM-Ar sample was 
38.5013° comparing with the SLM-Ar of 38.5041°. This 
is because the rapid solidification of the melt pool makes 
the silicon and magnesium in the α-Al matrix present a 
supersaturated and solid solution. According to the Bragg's 
law [22], 2d sin θ = nλ (n = 1, 2, 3, …), the larger 2θ values 
indicated the smaller lattice constant, which means that 
the non-equilibrium metallurgical process induced by the 
laser causes the distortion of the aluminum matrix lat-
tice. Lattice distortion leads to grain refinement due to 
the remelting scanning strategy in Al–7Si parts produced 
by laser remelting [23]. In addition, the effect of thermal 
stress caused by high-temperature gradient of remelting 
cannot be ignored [24]. In SLM process, the lower depos-
ited layer is continuously subjected to the heat conduction 
cycle of the upper surface layer, which is equivalent to 
artificial aging treatment. During the in situ laser remelt-
ing heat treatment, Si precipitates and dissolves in the α-Al 
matrix, resulting in lattice distortion. Similar changes were 
observed in nitrogen atmosphere as well.

Fig. 4  a XRD patterns of AlSi10Mg SLM and SLRM samples in argon/nitrogen atmosphere, b small range of 2θ (38°–39°)
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Moreover, a good bonding primarily decides the perfor-
mance of the entire part. Figure 3b shows the relative den-
sity of as-built AlSi10Mg cubic samples, and illustrations 
are the microstructural image obtained by an optical micro-
scope (OM). Compared with the SLMed AlSi10Mg sam-
ples, the remelted parts showed better density performance. 
The relative density of AlSi10Mg fabricated by SLM-Ar 
and SLM-N2 was only 98.59% ± 0.06% and 98.93% ± 0.08% 
with large size pores. This may be caused by the high laser 
reflectivity and thermal conductivity of coarse AlSi10Mg 
powder. In addition, lack of fusion powder can easily lead 
to pores between the interlayers [25]. However, the SLRM-
Ar and SLRM-N2 specimens without visible pores pos-
sessed the highest relative density of 99.48% ± 0.02% and 
99.61% ± 0.06%, respectively. Therefore, the in situ laser 
remelting could significantly enhance the density of parts.

3.2  Microstructure of SLMed and SLRMed Samples

Figure  5 shows the microstructure and morphology of 
SLMed samples. In Fig. 5a, d, typical laser tracks can be 
noticed on the top (XOY) surface with S-cross Orthogonal 
inter-layer strategy, and elliptical shape between the molten 
pools can be observed clearly in the front (YOZ) and side 
(XOZ) views, as well as some holes, including the lack of 
melted voids (Fig. 5e) and gas pores [26] existed in the melt 
pool. The profile of scanning tracks reveals that the micro-
structure of materials produced by the SLM was rather inho-
mogeneous, as shown in Fig. 5b, which represented single 
welding track and solidified grain boundaries. Along the 
scanning tracks, it presented equiaxed cells whereas colum-
nar obviously along with the molten pools. There were met-
allurgical pores in the microstructure that occurred along 
solidification grain boundaries, locally exceeding the fusion 
boundary without cracks. Two main phases existed in the 
AlSi10Mg alloy processed by SLM: one was a white net-
work phase, and the other was a gray island phase. White 
phases distributed in a continuous network are the eutectic 
Si phase, and the gray phases with small islands are the 
α-Al phase [27, 28]. Grains of the AlSi10Mg alloy fabri-
cated by SLM were very fine with many grain boundaries 
(see Fig. 5c, f), compared with cast Al-Si alloys [29], which 
slightness-needle silicon particles precipitated in the soft 
α-Al phase. This indicates that the solubility of silicon in 
the soft α-Al matrix is enhanced during the SLM process, 
as evidenced by XRD (Fig. 4b). The reason is that the solidi-
fication rate of the melt pool is very quick (generally up to 
 106–108 °C/s). The α-Al in the liquid phase preferentially 
nucleates and grows during the SLM manufacturing pro-
cess, so that the Si components in the liquid phase are dis-
charged to the front of the solid–liquid interface, leading 
to an increase for enrichment of Si atoms in the remaining 
liquid phase [30]. Moreover, the solution reaches eutectic 

composition, forming a [α-Al + Si] co-crystal structure dis-
tributed in the grain boundary of α-Al phase, which gener-
ates a continuous fine grains network structure.

Three distinct areas can be distinguished at the boundary 
of the molten pool (Fig. 5c, f): the fine-grained zone (FGZ), 
the coarse-grained zone (CGZ), and the heat-affected zone 
(HAZ). These are generally considered to be caused by dif-
ferent solidification rates due to the thermal gradient along 
the molten pool [31]. Since the crystallized solid phase with 
lower temperature had an effect of absorbing and dissipat-
ing heat, a large degree of supercooling occurred in the 
thin liquid layer after remelting in the region close to the 
crystallized solid phase. Therefore, a large amount of crys-
tal nuclei will be produced in the thin liquid layer and the 
adjacent crystal nucleus quickly meet each other during the 
growth process, and unable to continue to grow, resulting in 
forming a fine-grained zone (Fig. 5f). The CGZ is located 
in the center of the remelted zone formed by the adjacent 
laser melting of AlSi10Mg alloy powder. Compared with the 
FGZ, the coarse-grained region owning a thicker cell wall 
indicates that the grains in this region re-nucleate and grow 
during the short period cooling process after laser remelting 
and maybe occurred the segregation of Si reinforced phase 
[32]. Another factor is that the CGZ was the farthest away 
from both sides (the unmelted powder region and the crys-
tallized solid phase region) with the worst heat dissipation 
conditions, and rather serious heat accumulation as well. 
Compared with spontaneous nucleation, the solidification 
process of the remelted liquid was mainly the direct epitaxial 
growth based on columnar dendrites of some fine crystal 
regions close to the liquid phase as the substrate because of 
the lower Gibbs free energy requiring for direct growth from 
the crystallized solid phase, which led to coarsening of the 
crystal grains (Fig. 5c). The HAZ is located at the boundary 
of the remelting zone where the laser energy is insufficient 
to remelt the crystalline solid phase. It was formed by partial 
dissolution, fracture and nodulizing of the eutectic Si phase 
in the bottom layer with continuous network distribution 
under the effect of thermal cycle generated by heat input 
from the upper layer [33]. In the SLM process, heat treat-
ment will be performed on the consolidated material due to 
the temperature is below the fusing point when the follow-
ing layer is scanned. That will lead to element diffusion, 
and even the formation of hydrogen pores and heat-affected 
zones, which will significantly reduce the yield strength of 
the material. The width of the CGZ and the HAZ majorly 
depends on processing parameters such as laser power, scan-
ning speed and hatch spacing [18, 34].

Figure 6 shows the microstructure of SLRM-processed 
samples under nitrogen or argon atmosphere. The molten 
pool boundaries induced Al–Si eutectic microstructure are 
clearly visible along the building direction by rapid solidi-
fication. Due to the remelting of the previously solidified 
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bottom layer, the depth and shape of the molten pool are 
changed, which leads to the interruption of the scanning 
track of the single molten channel. Compared with the 
region without laser remelting, the laser remelted zone 
showed a finer dendrite microstructure. Rapid remelting 

and resolidification can explain the uniform distribution 
and refinement of microstructure. Moreover, owing to good 
metallurgical fusion, the number of metallographic pores 
was lower and defects such as voids and inclusions were 
not found in the microstructure. The same results had been 

Fig. 5  OM images of the SLM AlSi10Mg alloys. Scanning track, molten pool morphology, and grain size details of the alloy from a–c SLM-Ar 
built, d–f SLM-N2 built



493Microstructure and Mechanical Properties of AlSi10Mg Alloy Manufactured by Laser Powder Bed…

1 3

found in Cu–Al–Ni–Mn alloy manufactured by selective 
laser remelting [24]. Under the remelting strategy, many 
fine dendritic microstructures with different shapes and 
sizes are presented to the molten pool boundary. Thus, 
the α-Al matrix presents a diamond-shaped distribution of 
molten pool. The size of the fine-grained structure and the 

coarse-grained structure in the molten pool is about 0.35 μm 
and 0.98 μm, respectively, and there is a heat-affected zone 
(HAZ) around the molten pool. Demir and Previtali [11] 
showed that the grain structure of 18Ni300 maraging steel 
was refined after laser remelting, which obtained the upper 
fine grain structure and the lower coarse grain structure. 

Fig. 6  OM and SEM images of the SLMed AlSi10Mg alloys. Scanning track and molten pool morphology details of the alloy from a–c SLRM-
Ar built, d–f SLRM-N2 built



494 Y. Xiao et al.

1 3

Therefore, it can be inferred that fine crystals are formed 
inside the molten pool, and then begin to coarsen near the 
center, until reaching the heat-affected zone at the boundary.

Figure 7 shows depth of molten pool and the distance 
between the previous layer and remelted layer. Obviously, 
the in situ laser remelting effectively reduced the depth 
of the molten pool, causing a significantly finer lamellar 
structure without clear crescent shape. The penetration 
depths H of SLM-Ar and SLM-N2 parts are 221 ± 16 μm 
and 245 ± 26 μm, respectively. With the additional laser 
remelting, the distance h between layers of SLRM-N2 is 
only 37 ± 6 μm to SLRM-Ar of 42 ± 9 μm. The reason is 
that the thermal conductivity and reflectivity of laser in the 
AlSi10Mg parts are higher than that of the powder, result-
ing in the laser incompletely remelt the molten pool of prior 
layer (Figs. 6, 7). Besides, due to the more quickly cooling 
rate in nitrogen atmosphere, the melt pool depth after remelt-
ing was shallower than that in argon atmosphere (Fig. 7c, d).

Figure 8a presents the growth refinement mechanism 
of eutectic Si in the SLM process. Under the laser thermal 
irradiation, the Si crystal melt, cracked and nodulized, and 
supersaturated Si was continuously precipitated. The two 
synergistic effects of needle-shaped and spheroids eutectic 
Si are uniformly distributed in the α-Al matrix. Furthermore, 
the formation of Si dendrite microstructure is also influenced 
by the overall cooling rate in the SLM process. According 
to the long-standing solidification principle of metals and 

alloys [35, 36], the solidification process of SLM in argon/
nitrogen atmosphere can also be expressed in the following 
form: 

where R is the cooling rate, S is the solidification rate, and G 
is the thermal gradient. During the SLM process, the laser 
irradiation generated heat energy following a Gaussian dis-
tribution [37], and the cooling rate R inside the molten pool 
varied with the thermal gradient G. The mode of solidifica-
tion and characteristic fineness depend on the ratio of ther-
mal gradient G to solidification rate S. When the G/S ratio 
is less than the criterion of columnar to equiaxed transition, 
the transition will occur [38]. According to the gas ther-
mal conductivity [39], the thermal conductivity of Nitro-
gen [0.0258 W/(mK)] is roughly 45% higher than Argon 
[0.0178 W/(mK)] range from 800 to 2000 K. Therefore, 
the laser remelting scanning cracking silicon phase moves 
farther under nitrogen atmosphere than in argon, and the 
recrystallization nucleation rate is more quickly, resulting 
in finer crystalline microstructures, as shown in Fig. 8b, c. 
Porous and unfused powder particles are also largely elimi-
nated, further providing good metallurgical bonding and 
performance.

EDS analysis (Fig. 9) shows that most of the Si were 
concentrated on the grain boundary, and the remaining small 
part of Si was distributed in the crystal grains. This also 

(1)R = G ⋅ S

Fig. 7  Cross section of AlSi10Mg melt pool depth, H is melt pool depth of single track, and h is distance of melt pool between previous layer 
and remelting layer. a SLM-Ar build, b SLM-N2 build, c SLRM-Ar build, d SLRM-N2 build
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confirms the above conclusion that the short columnar phase 
in the crystal grain is the Si phase from the side. However, 
the distribution of Mg was relatively uniform (Fig. 9c) with-
out enrichment trend, and smaller size of the acicular phase 
led to the insignificant enrichment of magnesium. Even if 
there was an enrichment, this phenomenon of fine acicular 
enrichment scarcely appeared that affected by the uniform 
Mg solid solution on the α-Al matrix. Further X-ray energy 
spectrum analysis showed that the oxygen content and sili-
con content of the remelted parts were lower than those of 
the SLM parts. The SLRM-N2 parts had the lowest oxygen 
content due to the higher thermal conductivity of nitrogen 
than that of argon [14]. The content of magnesium in the 
four batches of samples was equivalent, but with the in-situ 
laser remelting strategy observing the Si/Mg molar ratio 
decreased in both argon and nitrogen atmospheres. This 
also proved that the in situ laser remelting causes silicon 
to dissolve more in the α-Al matrix and provides favora-
ble evidence for the difference in tensile properties. That 
is, supersaturated Si and Mg solid solutions contributed to 
strengthening the Al matrix.

3.3  Mechanical Properties of SLMed and SLRMed 
Samples

Since different relative density, gas atmosphere [13] and 
scanning strategies [10] could affect the deformational 

behavior, the final experiment was designed to evaluate the 
mechanical properties of SLM as well as SLRM samples 
under argon and nitrogen atmosphere. Figure 10a shows 
the representative stress–strain curves obtained from ten-
sile tests, and the average stress/strain performances are 
summarized in Table 3. The ultimate tensile strength of the 
materials remelted under argon and nitrogen atmosphere 
increased from 444.85 ± 8.73 MPa and 459.21 ± 13.77 MPa 
to 489.45 ± 3.20 MPa and 500.14 ± 5.15 MPa, respectively, 
and the elongation after fracture increased from 2.55% and 
2.88% to 4.51% and 5.13%. The results show that the ten-
sile strength and elongation of remelted samples are signifi-
cantly higher compared to those of SLM samples, which is 
probably attributed to the decrease in porosity [29]. Another 
reason for the improvement of ductility is thermal residual 
stress release that occurred in the course of laser remelting. 
On the other hand, the reduction in grain size of the SLRM 
sample in this study could further improve the deformabil-
ity [40, 41], which could be rationalized by the following 
Hall–Petch formula:

where symbol σs is the yield strength, and σ0 is the frictional 
resistance of dislocation movement in the single crystal. Ks 
is the strength coefficient of the grain boundary barrier, and 
d is the size of grain diameter. Obviously, with the grain 

(2)�
s
= �

0
+ K

s
⋅ d

−(1∕2)

Fig. 8  a Growth refinement mechanism of eutectic Si in the SLM prepared samples. Strengthening schematic of in situ laser remelting, finer 
grain growth diagram of remelting and resolidification b under argon atmosphere, c under nitrogen atmosphere
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refining, the amount of grain boundaries increases signifi-
cantly, resulting in difficulty of dislocation movement, so 
the plastic deformation resistance and the strength increase. 
Therefore, the mechanical properties of SLRM-N2 were 
superior to that of SLRM-Ar because of finer microstructure 

(as elaborated in Sect. 3.2). The yield strength of remelted 
samples is slightly lower than that of SLM samples. It may 
be due to laser remelting in situ heat treatment destroying 
fine-grained structure, precipitation and growth of silicon 

Fig. 9  EDS mapping results of AlSi10Mg alloy: a SLM-Ar, b SLM-N2, c SLRM-Ar, d SLRM-N2

Fig. 10  a Tensile stress–strain curve at room temperature of the as-built AlSi10Mg alloy and macroscopic fracture morphology in argon and 
nitrogen atmosphere; b microhardness test of the as-built sample
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particles, resulting in weakening of solid solution reinforce-
ment and local shear stress release.

The Vickers microhardness results between the SLM 
samples and the remelted samples are shown in Fig. 10b. 
The average value of as-built samples under argon atmos-
phere is 119.11 ± 3.33  HV0.2, which is similar to that built 
under a nitrogen atmosphere with 122.74 ± 2.84  HV0.2. 
This indicates that the sample has uniform microhardness. 
However, the SLRM samples under nitrogen atmosphere 
had highest microhardness of 155.58  HV0.2 with an aver-
age value of 148.25 ± 4.73  HV0.2. Both argon and nitrogen 
atmospheres result in around 21% microhardness enhance-
ment of the SLRM-processed samples comparing with the 
SLM samples, which is due to the much finer microstructure 
produced during in situ laser remelting and resolidification, 
as shown in Fig. 8b, c. In the laser remelting process, the 
columnar grains near the top of the original molten pool are 
remelted and solidified in the same manner as the previous 
molten pool, thereby reducing the distance between the Si 
particles and the finer equiaxed grains. In addition, during 
the SLM additive manufacturing process, the higher cooling 
rate of the melt pool hindered the precipitation of Si, and 
part of silicon elements was supersaturated and dissolved in 
the α-Al matrix. Moreover, dispersion strengthening phases 
of needle-like phase and spherical (Mg + Si) cluster zone are 
also precipitated on the α-Al matrix, which both can cause 
lattice distortion and significantly hinder dislocation move-
ment [42]. The supersaturated microstructure in α-Al matrix 
improves the strength and microhardness of the AlSi10Mg 
alloy. The elimination of defects (gas pores, lack of fusion, 
etc.) also contributes to improve performance.

3.4  Fracture Analysis

Figures  11 and 12 show the fracture morphologies of 
SLMed and SLRMed samples obtained by SEM, respec-
tively. SLMed specimens have similar fracture morpholo-
gies: the macroscopic fracture morphology, as shown in 
Fig. 11a, d, both showed rough and irregular fracture with 
obvious microcracks and cavities. From the high magnifica-
tion images of the SLMed sample (Fig. 11b, e), a number 

of round holes could be seen. These round holes are mainly 
derived from the powder and hydrogen absorption caused 
by moisture and oxide inclusions [26]. On the microscopic 
fracture morphology, tensile fractures of the SLMed speci-
mens are all distributed with obvious stepped and lacer-
ated cleavage steps as well as tiny dimples, which belong 
to quasi-cleavage fracture. No cleavage morphology was 
observed [43], the cleavage structure also tended to gener-
ate relatively brittle fracturing. However, tiny shallow dim-
ples and columnar grains corresponding to ductile fracture 
were found on the fracture surface (arrows in Fig. 11c, f). 
The cavities perpendicular to the construction direction are 
mainly derived from lack of fusion between adjacent tracks 
and large oxide particles that were poor wetting with the 
α-Al matrix [44]. The visible cleavage fracture structure was 
the result of the combined effect of the small anisotropic 
columnar grains and the residual stress generated by the 
SLM process. The shape of the hole defect became flat at 
the bottom after transverse stretching. Cracks originate from 
defects such as irregular holes which will form large stress 
concentrations during the tensile process and first reach the 
yield strength limit leading to produce cracks, and subse-
quently, rapidly expand along the close-packed plane of 
the crystal. These defects will become the source of cracks 
that lead to low tensile strength as well as low plasticity, as 
shown in Fig. 11e. The edge of holes on the fracture surface 
of the SLM-N2 sample was relatively bright without small 
shear dimples, which indicates that the fracture of the sam-
ple around the hole is also brittle fracture. While there are 
also a number of circular shallow dimples (Fig. 11f) on the 
tensile fracture, revealing that the material still had a certain 
plasticity. Except for defects, SLMed samples failed along 
the rhombic and dendritic network (see Fig. 6b, e). This 
fracture was most likely propagated from the hatch spacing 
overlaps, where the density of the brittle silicon phase was 
higher than in other areas. Due to the high hardness and low 
plasticity of the silicon-rich network, it became a failure 
point under tensile load [4]. Combining the samples with 
low plastic properties in Table 3, it can be found that many 
cleavage surfaces reveal brittle fracture characteristics with 
low elongation.

Table 3  Summary of average 
tensile properties of four 
batches AlSi10Mg samples 
fabricated by different process 
parameters

The conventional AM as-built and gravity casting samples were also listed

Samples Ultimate tensile 
strength (MPa)

Yield strength (MPa) Elongation (%) Elastic modulus (GPa)

SLM-Ar 444.85 ± 8.73 341.49 ± 9.97 2.55 ± 0.27 76.37 ± 10.16
SLM-N2 459.21 ± 13.77 346.18 ± 10.45 2.88 ± 0.29 75.84 ± 9.38
SLRM-Ar 489.45 ± 3.20 323.75 ± 2.28 4.51 ± 0.22 72.92 ± 3.99
SLRM-N2 500.14 ± 5.15 324.91 ± 4.82 5.13 ± 0.27 70.21 ± 1.44
AM as-built 452 ± 1 264 ± 4 8.6 ± 1.0 Ref. [29]
Gravity Cast-T6 330 ± 13 268 ± 6 3.8 ± 1.5
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Figure 12 shows the fracture morphology of the SLRM 
tensile specimens. However, combined with metallo-
graphic images, few shrinkage cavities and unmelted 
powders were found in the SLRMed sample fracture. The 
reduction of pores will increase the tensile strength and 
elongation of the specimen, which was consistent with 
the tensile test. Dimples were observed in all SLRMed 
specimens, and the plasticity of the tested specimens was 
higher than that in prior SLM [29, 45]. Compared with 
conventional SLMed samples, the propagation of crack on 
the boundary of molten pool more occurs through inter-
granular failure in SLRMed samples, and the existence 
of dimples is consistent with the larger plastic strain in 
tension. Figure 12e shows many large and deep dimples 
on the fracture surface, and some protrusions of differ-
ent sizes and shapes are also observed in Fig. 12f, which 
related to the heat treatment by in situ laser remelting. 
It should be noticed that the dimples in the SLRM-N2 
samples are deeper than the SLRM-Ar samples, which 
could be explained by the different thermal conductivity 
of two gas leading to different grain growth rate during 
the SLM process. The in situ laser remelting heat treat-
ment encouraged grain growth, Si phase precipitation and 
residual stress release, all of which cause the elongation 
after fracture increases comparing to the SLM sample.

4  Conclusions

The results showed that the decrease in the strength and 
deformation properties of the SLMed material is related 
to pore discontinuity (relative density), whereas the pores 
play a role of stress concentrators and crack initiation. A 
comprehensive study was conducted on microstructures and 
properties of AlSi10Mg samples prepared by SLM remelt-
ing process under argon and nitrogen atmosphere with those 
obtained from SLM processing run. The main conclusions 
are drawn as follows:

1.  Due to a good metallurgical bonding between adjacent 
molten pools and the formation of shallower molten 
pools, the in situ laser remelting can effectively enhance 
the relative density (99.5%) at the cost of increasing pro-
duction time. Compared with samples without remelting 
treatment, the laser remelted samples clearly showed a 
finer microstructure. Rapid remelting and resolidifica-
tion can explain the refinement and uniform distribution 
of the microstructures.

2. Parts produced by SLM remelting performed sig-
nificantly enhanced properties compared with those 
produced by SLM both in argon and nitrogen atmos-
pheres, and the performance of nitrogen was better 

Fig. 11  Fracture morphologies of AlSi10Mg alloy fabricated by SLM: a–c in the argon atmosphere, d–f in the nitrogen atmosphere
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than that of argon. The tensile tests show that ultimate 
tensile strength of the material with laser remelting is 
increased 12.6% and twice the elongation at break, but 
the yield strength decreases slightly from 341.49 ± 9.97 
to 324.91 ± 4.82 MPa. In addition, the micro-mechanism 
of fracture is of ductile in all SLRMed conditions, with 
more and shallower dimples than SLM.

3. Compared with the SLMed relatively coarse AlSi10Mg 
powder, the combined effects of finer microstructure, 
lower porosity and solution strengthening due to laser 
remelting enhanced around 30  HV0.2 microhardness 
comparing to the AlSi10Mg alloy built via SLM under 
nitrogen atmosphere.
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