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Abstract
This study investigated the microstructures and tensile properties of as-build and heat-treated (including T6, T2, and T6-T2 
treatments) AlSi10Mg samples fabricated by laser powder bed fusion (LPBF). The microstructure analysis revealed that 
the trend of eutectic Al-Si phase distribution along grain boundaries for heat-treated samples was significantly weakened, 
and the eutectic Al-Si phase was transformed into Si particles which were uniformly distributed in α-Al matrix. For the 
T6-T2-treated specimens, the Si content in particles was the highest. Meanwhile, the T6 treatment increased the proportion 
of equiaxed grains on vertical section most significantly. However, in the wake of heat treatments, the average grain size on 
horizontal section had little change while the average grain size on vertical section was increased. The properties analysis 
demonstrated that the T6-T2-treated specimens obtained the best elongation and worst strength. Besides, the T6 treatment 
eliminated the anisotropy of the LPBFed specimens basically and synergistically obtained the best combination of strength 
and plasticity. The T6 treatment weakened the direction difference to the greatest extent, whereas the T2 treatment minimized 
the stress concentration. According to the comparative finding, the Si content in particles played an important part in proper-
ties. Besides, the relationship among inverse pole figure (IPF) maps, pole figure (PF) maps, the mass fraction and distribution 
of Si in Al matrix and Si particle, the grain size, kernel average misorientation (KAM), and mechanical properties under 
different heat treatments was established, which provided a new idea for the selection of heat treatments on LPBFed parts.

Keywords Laser powder bed fusion · AlSi10Mg · Microstructure · Mechanical properties · Heat treatment

1 Introduction

With the development of the additive manufacturing (AM), 
more and more types of AM processes have been devel-
oped to manufacture complex products [1]. Laser powder 

bed fusion (LPBF), as one of the most important additive 
manufacturing methods, has been widely applied in vari-
ous industries, such as aerospace and aviation. Meanwhile, 
AlSi10Mg is one of the most researched aluminum alloys by 
LPBF due to its high strength and light weight. Beyond that, 
there is a high manufacturing cost as well as low possibility 
of realizing innovative design by traditional manufactured 
AlSi10Mg [2, 5]. Apart from that, Calignano et al. analyzed 
the effect of the manufacturing strategy in the construction 
of thin walls in AlSi10Mg alloy, which showed that it is pos-
sible to obtain well-defined thin walls by appropriate LPBF 
strategies [6]. Yang et al. found that the surface roughness 
of the vertical section was improved by optimized process 
parameters for the LPBFed AlSi10Mg specimens [7]. How-
ever, one of the main challenges for application is how to 
improve the microstructures and properties of the LPBFed 
AlSi10Mg specimens by heat treatments.

Recently, it has been widely reported about the impact of 
heat treatments on the microstructures, properties, corrosion 
behaviors, and aging behaviors of various aluminum alloys 

 * Dafan Du 
 dafand@sjtu.edu.cn

 * Anping Dong 
 apdong@sjtu.edu.cn

1 Shanghai Key Lab of Advanced High-temperature Materials 
and Precision Forming and State Key Lab of Metal Matrix 
Composites, School of Materials Science and Engineering, 
Shanghai Jiao Tong University, Shanghai 200240, China

2 Shanghai Aerospace Equipment Manufacturer Limited 
Company, Shanghai 200245, China

3 Taier (Anhui) Industrial Technology Service Co., Ltd, 
Maanshan 243000, China

4 Jiangsu Yongnian Laser Forming Technology Co., Ltd, 
Suqian 223800, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-023-11812-4&domain=pdf


4212 The International Journal of Advanced Manufacturing Technology (2023) 127:4211–4223

1 3

fabricated by LPBF. Shen et al. [8] investigated the effect 
of heat treatments on the microstructures and mechanical 
properties of Al-Mg-Sc-Zr alloy fabricated by LPBF. As 
indicated by the results, the rapid aging treatment at 330 
°C for 1 h could obtain a good combination of strength 
and plasticity, with a tensile strength of 479 MPa, a yield 
strength of 441 MPa, and a percentage elongation after break 
of 14.5%. As pointed by Wang et al. [9], upon solution treat-
ment with aging, the yield strength of the LPBFed Al-Cu-
Mg-Zr alloy reached 402 MPa, which was higher than the 
as-fabricated samples with the yield strength of 376 MPa. 
Through the artificial aging treatment, the Al-Zn-Mg alloy 
could be strengthened by the formation of precipitates rich 
in Mg and Zn as studied by Babu et al. [10]. In addition, 
Xiao et al. [11] explored the effect of T6 heat treatment on 
the microstructures and mechanical properties of LPBFed 
 TiB2/Al-7Si-Cu-Mg alloy. It was found that there was a 16% 
decrease of yield strength caused by the breaking of fine 
microstructure. Owing to the annealing treatment or solu-
tion heat treatment, the evaluation of the microstructures 
could be controlled, and the properties of the Al-12Si LPBF 
samples could also be turned [12, 13]. In the wake of T6 heat 
treatment, the hardness of the LPBF Al-Zn-Mg-Cu alloy 
samples increased from 133 ± 6  HV0.05 to 219 ± 4  HV0.05, 
and almost all the η particles were dissolved in the Al-matrix 
[14]. During the heat treatment at 300 °C, the stress level of 
the LPBFed Al-50Si alloy samples was homogenized with-
out changing the microstructures. In addition, the average 
values of the residual stress decreased, while the grain size 
increased at higher temperatures [15]. Apart from that, the 
compressive yield strength of the LPBF  TiB2/Al-Cu-Mg-Si 
specimens was improved by the grain refinement owing to 
the heat treatment [16]. If followed by the heat treatment 
at 1000 °C, the LPBFed AlCoCuFeNi high-entropy alloy 
(HEA) samples had the better compressive fracture strength 
of 1600 MPa, a yield strength of 744 MPa, and a strain of 
13.1% [17]. Compared with the heat-treated specimens, the 
LPBFed Al-Mg-Sc-Zr specimens had a superior corrosion 
resistance [18].

It is worth mentioning that more studies are focused on 
the LPBFed AlSi10Mg alloy followed by different heat treat-
ments. As reported by Wang et al. [19], a small amount of Si 
phase for AlSi10Mg specimens was precipitated in the α-Al 
matrix by the heat treatment of solid solution. Furthermore, 
the fusion and enrichment of eutectic Si led to α-Al matrix 
softening and reduction in strength. As pointed out by Wei 
et al. [20], the T6 heat treatment rejected Si from supersatu-
rated α-Al matrix, in order to form Si particles. At the same 
time, the Si-rich cellular boundaries of the LPBFed AlSi10Mg 
samples were transformed into Si particles, and the  Mg2Si 
particles were also formed. Based on the T6 heat treatment, 
the mechanical properties of the AlSi10Mg samples were 
influenced by the size and number of Si particles. Besides, 

the tensile strength decreased from 434.257 ± 10.7 to 168.11 
± 2.4 MPa. In contrast, the fracture strain increased from 5.3 
± 0.22 to 23.7 ± 0.84% [21]. Moreover, the solid treatment at 
530 °C for 6 h could reduce the direction difference of the ten-
sile properties of the LPBFed AlSi10Mg specimens [22]. The 
properties of the LPBFed AlSi10Mg samples were similar to 
those of T5 treatment samples, yet better than T6 treatments 
[23]. The thermal conductivity of the LPBFed AlSi10Mg 
samples, followed by an anneal heat treatment post-processing 
step, increased by 18–41% [24].

Apart from that, the values of KAM for the LPBFed 
 AlCoCrFeNi2.1 samples marked as rainbow vary from 0 to 5° 
attributed to the deformation inhomogeneity [25]. The value 
of KAM was closely related to the defects such as crack, 
and the value of KAM around the crack was higher than 
other areas [26]. In general, the smaller the value of KAM, 
the lower the degree of plastic deformation [27]. Therefore, 
the KAM is crucial for revealing the deformation mode and 
mechanism in metals.

In order to support improving the microstructures and 
properties of the LPBFed AlSi10Mg samples, it is necessary 
to systematically study the effect of heat treatments (T6, 
T2, and T6-T2) on microstructure and mechanical proper-
ties of AlSi10Mg alloy fabricated by LPBF. Therefore, a 
series of experiments had been conducted in this research 
to investigate the microstructures and tensile properties of 
LPBFed and heat-treated samples and explore appropriate 
heat treatment method to control the evaluation of the micro-
structure and obtain different combinations between strength 
and plasticity.

2  Experimental procedures

2.1  Powder material

In this study, gas-atomized AlSi10Mg powder with the size of 
20~63 μm was used as the raw material. As illustrated in Fig. 1, 
the particle morphology is almost worm-like. The chemical 
composition of AlSi10Mg alloy powder is shown in Table 1.

2.2  Experiment methods

All the samples were produced by Kre-AM350 in Fig. 2a, 
and the process parameters were constant laser power (P) 
of 400 W, scanning speed (v) of 930 mm/s, hatch spacing 
(h) of 0.07 mm, layer thickness (t) of 0.025 mm, and scan-
ning strategy of chessboard, as shown in Fig. 2b. Further-
more, the cross-sectional area of specimens was divided into 
black and white chessboards. Firstly, the powder in the black 
chessboard was melted by the laser. Then, the powder in the 
white chessboard was melted. The interlayer rotation angle 
was 67°, and the size of chessboard was 5 mm. Besides, the 
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substrate was preheated to 80 °C, and the oxygen concentra-
tion of the build chamber was less than 1000 ppm by filling 
the build chamber with argon. In addition, the heat treatment 
procedures including T6 and T2 are displayed in Fig. 2c, d.

In order to study the impact of heat treatment on micro-
structures and tensile properties of AlSi10Mg, specimens 
were subject to three kinds of heat treatment strategies (see 
Table 2) and compared with the LPBFed specimens.

Tensile properties and microstructure specimens were 
fabricated by LPBF and taken from the substrate by wire 
cutting, as shown in Fig. 3a, and divided into “horizontal” 
and “vertical.” According to the GB/T 228-2002, the ten-
sile specimens were made into standard specimens referring 
to Fig. 3b, and the tensile tests were conducted on univer-
sal testing machine called CMT5305. Beyond that, every 

kind of specimen was measured for three times to obtain 
the average value. The microstructures and morphologies 
of the LPBFed specimens were observed by optical micro-
scope (OM), a scanning electric microscope (SEMNOVA 
NANoSEM450) equipped with an electron back-scattered 

Fig. 1  SEM images of 
AlSi10Mg alloy powder. a Low 
magnified. b High magnified

Table 1  Chemical composition 
of AlSi10Mg alloy powder 
(mass) %

Al Si Mg Fe N O Ti Zn Mn Ni Cu Pb Sn

Bal. 9.94 0.27 0.15 0.004 0.12 0.009 0.004 0.002 0.003 0.004 <0.002 <0.02

Fig. 2  Details of the LPBF 
experiments. a LPBF process. 
b Laser scanning strategy. c 
Schematic of T6 heat treatment 
procedures. d Schematic of T2 
heat treatment procedures

Table 2  Utilized heat treatment parameters of LPBFed AlSi10Mg

Specimen 
number

Heat treatment 
number

T6 treatment T2 treatment

A HT1 / /
B HT2 T6 /
C HT3 / T2
D HT4 T6 T2
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diffraction system (EBSD) and an energy dispersive spec-
trometer (EDS). The LPBFed specimens were placed on the 
platform of X diffractometer called TEC 4000. Besides, the 
X-ray emitted by the X-ray tube was used to examine the 
residual stress of the test points identified in Fig. 3c.

3  Results and discussion

3.1  Microstructure

Figure 4 shows the typical morphologies of the LPBFed 
AlSi10Mg specimens, including “horizontal section” and 
“vertical section.” For the “horizontal section,” the distri-
bution of the molten pools was tightly arranged, which was 
consistent with the chessboard scanning. Besides, the width 
of the molten pools was about 138 μm, and the shape of 
molten pools was oval in Fig. 4a. In addition, the light-color 
precipitates were distributed at the molten pool boundaries. 
For the “vertical section,” the molten pools were crescent-
shaped in Fig. 4b. Apart from that, the molten pools are 
related to the powder or the solidified part, resulting in the 
high cooling rates at layer-to-layer transition regions. There-
fore, there were obvious differences of microstructures for 
the LPBFed AlSi10Mg samples that were caused by the 
LPBF principle and the chessboard scanning.

Figure 5 shows the inverse pole figure (IPF) maps on 
horizontal section, IPF maps on vertical section, and pole 
figure (PF) maps on the horizontal section under different 
conditions including as-printed, T6 treatment, T2 treat-
ment, and T6-T2 treatment. Figure 6 shows the grain size 
distribution histograms on horizontal section and vertical 
section under different conditions including as-printed, T6 
treatment, T2 treatment, and T6-T2 treatment. It can be 
observed from Fig. 5 that the as-printed AlSi10Mg speci-
men on vertical section presented a typical columnar grain 
structure on vertical section and a strong <001> texture. 
However, the as-printed AlSi10Mg specimen on horizontal 
section mainly consisted of equiaxed grains. By compar-
ing Fig. 5a and Fig. 5c, it can be found that the T2 sam-
ple on vertical section remained <001> texture parallel to 
the building direction, but the average grain size became 
larger. After the heat treatments, the average grain size on 
horizontal section had little change as shown in Fig. 6. The 
formation of equiaxed grains would interrupt the growth 
of the columnar grains resulting in decreasing the length 
of some of columnar grains. Besides, the intensity of the 
<001> fibre texture was increased after heat treatments, 
as the maximum pole-density projection values of {001} 
plane were larger than those of the as-printed sample, as 
shown from Fig. 5, which was different from the result of 
the LPBFed AlSi10Mg specimens after T6 heat treatment 

Fig. 3  a Schematic position of 
tensile specimens and micro-
structure specimens. b Dimen-
sion of tensile specimens. c Test 
point distribution of residual 
stress

Fig. 4  Typical morphologies of 
the LPBFed AlSi10Mg speci-
mens. a Horizontal section. b 
Vertical section
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[21]. Notably, the proportion of equiaxed grains on vertical 
section increased, which was favorable to reduce anisotropy 
degree of the mechanical properties.

Figure 7 illustrates the microstructures, including “horizon-
tal section” and “vertical section” after different heat-treated 
conditions. The heat treatment could significantly affect the 
difference of microstructure between “horizontal section” and 
“vertical section.” Moreover, to reveal the effect of the heat 
treatment on the element distribution, Fig. 8 displays the spot 
EDS measurements of the “horizontal section” specimens and 
comparison of Si content in Si particle and Al matrix.

For the as-build specimens, according to the Al-Si binary 
phase diagram [21, 22], the solidification pathway of the 
LPBFed AlSi10Mg has experienced a crystallization reac-
tion L→L+α(α-Al matrix) and a eutectic reaction L→α(α-Al 
matrix) + β (eutectic Al-Si phase) at 577 °C. The primary 
α-Al matrix was first generated (see Fig. 7a). Apart from 
that, the eutectic Al-Si phase was generated and distributed 
along the molten pool boundaries with the decrease of tem-
perature. Besides, the microstructure at the center of the 
molten pools performed typical cellular dendrite structure. 
The existence of the dark area was resulted from the genera-
tion of the α-Al matrix, in which the mass of Si was about 
10.26%, as shown in Fig. 8. However, the mass of Si in 
the white bands increased to 14.64% and generated as the 

eutectic Al-Si phase. Additionally, there was little difference 
between the content of Mg element in the grain and the grain 
boundary, indicating that Mg has no segregation tendency 
and is evenly distributed in the matrix.

As expressed by Wei et al. [20], the sequence of pre-
cipitation of the LPBFed AlSi10Mg specimens during heat 
treatment was AlSSS (supersaturated solid solution) → 
aggregation of Si/ Mg atoms (GP zones) → dissolution 
of Mg → formation of Si/Mg atoms cluster → a small 
number of unknown phases → precipitation of β´´phase 
→ precipitations of β´ and β´´ phases → stable precipita-
tion of Si particles.

Apart from that, Rao et al. [28] found that the network 
Si phase of A357 alloy had disappeared, after holding at 
535 °C for 15 min with the extension of time, and the Si 
begin to gather and grow. Besides, the size of Si particles 
was the largest at 24 h. However, as the holding time con-
tinued to increase, the Si particles in α-Al matrix no longer 
continued to grow.

The process of partial dissolution, fracture, and pas-
sivation of eutectic Al-Si phase could be explained by the 
Gibbs-Thomson effect, expressed as follows:

(1)ln
CR

C(∞)
=

2�Vm

RTr

Fig. 5  IPF maps on horizontal section, IPF maps on vertical section, and pole figure (PF) maps on the horizontal section under different condi-
tions. a As-printed. b T6 treatment. c T2 treatment. d T6-T2 treatment
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where C represents the solubility of the solute, r repre-
sents the radius of the particle, σ represents the surface ten-
sion on the particle boundary, Vm represents molar volume, 
R represents the molar gas constant, and T represents the 
thermodynamic temperature.

The increment of free energy of the particle is expressed 
as follows:

where σ represents the surface tension on the particle 
boundary and r represents the radius of the eutectic Al-Si 
phase.

According to Formulas 1 and 2, it is found that the 
smaller the radius of the eutectic Al-Si phase is, the greater 
the curvature is, the greater the free energy is, and the easier 
the diffusion is. So, the grooves or corners of eutectic Al-Si 
phase are easy to diffuse and dissolve, and the corners of 
eutectic Al-Si phase are passivated to make the outer surface 
of dendrites smooth in the dissolution process.

The T6 treatment transformed the eutectic Al-Si phase 
into Si particles uniformly distributed in α-Al matrix as 
shown in Fig. 7b. Beyond that, the atomic distortion of 
supersaturated solid solution of the eutectic Al-Si phase 
called β´ phase or β´´ phase generated by solution treatment 
might result in large residual stress and hinder the movement 
of dislocations, where would store high distortion energy. 
Moreover, the β´ phase and β´´phase in an unstable state 
would form the new phases easily, in order to reduce dis-
tortion energy. Thus, during the T6 treatment process, the 
eutectic Al-Si phase was finally transformed into Si par-
ticles after first fused and then spheroidized. Besides, the 
mass fraction of Si in the particles could reach 31.48 wt%, 
whereas the mass fraction of Si in the Al matrix was about 
9.41 wt% in Fig. 8.

During the T2 treatment process, the Si particles had 
enough time to precipitate under the condition of high tem-
perature. As shown in Fig. 7c, the morphology of Si parti-
cles was small and spherical. The size of Si particles sphe-
roidized decreases to nanoscale. Moreover, the Si particles 
were fully refined and evenly distributed in the Al matrix. 
Meanwhile, the mass fraction of Si in the particles could 
reach 35.93 wt%, while the mass fraction of Si in the Al 
matrix was about 10.08 wt%, as displayed in Fig. 8.

For the samples treated by the T6-T2 treatment, the 
spherical Si and flake Si were distributed in the Al matrix 
in Fig. 7d. According to the XRD results, the contents of Si 
in the particles and the Al matrix were completely differ-
ent. To be specific, the mass fraction of Si in the particles 

(2)Δp = 2�∕r

reaches 51.68 wt%, whereas the mass fraction of Si in the 
Al matrix was about 6.92 wt% in Fig. 8. Compared with 
the LPBFed samples, the trend of Si distribution along the 
molten pool boundary was significantly weakened after the 
heat treatments. Besides, the color of Si particles became 
shallower, and the mass fraction of Si in the particles was the 
largest by T6-T2 treatment than the other heat treatments as 
shown Fig. 8, indicating that the Si element experienced the 
whole process of “fully diffusion - nucleation-precipitation 
- growth” and reached a stable state finally.

3.2  Mechanical properties

The obvious differences in the mechanical properties and 
residual stress of the LPBFed AlSi10Mg under different con-
ditions are determined by the evaluation of the microstruc-
ture, as shown in Fig. 9, Table 3, and Table 4. Obviously, 
the mechanical properties of the horizontal direction were 
better than those of the vertical direction, due to the distribu-
tion of the microstructure in layers and the weaker bounding 
force between the layers in Fig. 4. However, the LPBFed 
AlSi10Mg specimens were easy to form the Al-supersatu-
rated solid solution, due to the fast-cooling rate in the LPBF 
process. The mechanism of solid solution strengthen was 
good for improving the strength of the LPBFed AlSi10Mg 
specimens, but the disadvantage was poor plasticity.

Furthermore, the heat treatments play an important part 
in improving the plasticity at the expense of strength. Rao 
et al.’s study [28] suggested that the strength of LPBFed 
A357 alloy decreased, and the plasticity increased after 
T6 treatment. Besides, Han et al. [29] found that the yield 
strength of the LPBFed AlSi10Mg specimens was reduced 
from 200 to 100 MPa while the elongation increased from 
6 to 22%, after solution-treated at 550 °C for 2 h. In com-
parison to the LPBFed AlSi10Mg samples, the strength of 
the T2 treatment samples reduced by over 50%, while the 
elongation was twice as large as the LPBFed samples. For 
the T6-T2 treatment, the strength was further reduced, and 
the plasticity was also increased, related to the formation 
of Si particles as shown in Fig. 7. After the T6-T2 treat-
ment, the network-like  Mg2Si particles were dissolved and 
broken to grow the finely disappeared Si particles resulting 
in weakening the effect of hindering the motion of the dis-
location, which would increase the plasticity. However, the 
splitting effect of the finely disappeared Si particles on the 
α-Al matrix increased, which would decrease the strength.

In contrast, the properties of vertical specimens by T6 
treatment were a tensile strength of 292 MPa, a yield strength 
of 245 MPa, and a percentage elongation after the break of 
11.8%. Furthermore, the properties of horizontal specimens 
were a tensile strength of 298 MPa, a yield strength of 250 
MPa, and a percentage elongation after the break of 13.1%. 

Fig. 6  Grain size distribution histograms on horizontal section and 
vertical section under different conditions. a As-printed. b T6 treat-
ment. c T2 treatment. d T6-T2 treatment

◂



4218 The International Journal of Advanced Manufacturing Technology (2023) 127:4211–4223

1 3

Fig. 7  SEM images of 
AlSi10Mg samples LPBFed 
under different conditions. a 
As-build. b T6. c T2. d T6-T2. 
(“1” represents “Horizontal”; 
“2” represents “Vertical”)

Fig. 8  Spot EDS measurements 
and Si content distribution of 
horizontal section under differ-
ent heat treatment conditions: 
a as-printed, b T6, c T2, and 
d T6-T2. e Comparison of Si 
content in Si particle and Al 
matrix
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This suggests that the T6 treatment can not only eliminate 
anisotropy of the LPBFed AlSi10Mg specimens basically 
but also obtain a better combination of strength and plastic-
ity. The residual stress of the LPBFed AlSi10Mg specimens 
under different heat treatments was presented in Table 4 and 
Fig. 9d. As suggested by results, the residual stress on the 

surface of the LPBFed specimens after heat treatments was 
mainly compressive stress and higher than that of the as-
printed specimens, indicating that heat treatments were good 
for the LPBFed parts. In addition, the vertical compressive 
stress was greater than horizontal compressive stress.

In order to understand the fracture mechanisms of the 
T6 treatment samples including “horizontal” and “vertical” 
ones, fracture morphology and EDS analysis of tensile spec-
imens were carried out using SEM, as presented in Fig. 10. 
There was no defect on the tensile fracture of the vertical 
samples in Fig. 10a–c. Besides, the distribution of the dim-
ples closely connected on the tensile fracture indicates that 
the fracture mode is mainly arbitrary fracture. Apart from 
that, the dispersed precipitation particles were found on the 
bottom of the dimples, which was favorable to increase the 
tensile properties.

The fracture morphology of horizontal specimens is 
shown in Fig. 10d–f, and obvious pores appeared on the 
tensile fracture. However, the dimples on the tensile fracture 
reveal that the fracture mode is dominated by the arbitrary 
fracture. Likewise, the bottom and side walls of the dimples 

Fig. 9  Tensile properties and 
residual stress of the LPB-
Fed AlSi10Mg specimens 
under different conditions. a 
Ultimate tensile strength. b 
Yield strength. c Elongation. d 
Residual stress

Table 3  Tensile properties 
of the LPBFed AlSi10Mg 
specimens under different heat 
treatments

Heat treatment 
number

Tensile strength (MPa) Yield strength (MPa) Elongation (%)

Vertical Horizontal Vertical Horizontal Vertical Horizontal

HT1 396 446 229 278 6 8
HT2 292 298 245 250 11.8 13.1
HT3 171.3 171.7 105.7 116.7 9.39 16.47
HT4 151 165 107.3 119 13.59 21.3

Table 4  Residual stress of the LPBFed AlSi10Mg specimens under 
different heat treatments

Specimen 
number

Residual stress/ MPa

Point 1 Point 2 Point 3 Average

A-H −77.46 −29.24 −49.35 −52.02
A-Z −65.8 −55.13 −60.80 −60.58
B-H −66.61 −81.77 −70.19 −72.86
B-Z −99.42 −101.11 −98.30 −99.61
C-H −123.87 −88.28 −70.03 −94.06
C-Z −100.14 −98.18 −97.16 −98.49
D-H −102.74 −87.91 −97.33 −95.99
D-Z −138.83 −88.83 −110.83 −112.83
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were dispersed by the enhanced precipitates. At the same 
time, the morphology of pores that appeared on the frac-
ture was enlarged to investigate its mechanism. Besides, 
the inner wall of the pores was smooth, where there were 
irregular particles. The EDS analysis was performed on the 
inner wall of the pores to clarify its chemical composition in 
Fig. 10g–h. The oxygen content in this area reached 17.4% 
owing to the splash generated by the laser during the LPBF 
process. It is noteworthy that the splash produced is easy 
to fall on the formed part during the LPBF process of the 
horizontal specimens. The splash that partly melted together 
with the next powder layer may remain in the specimens, but 
this is related to the cross-sectional area of specimens. The 
larger the cross-sectional area is, the greater possibility of 
generating the pore defects caused by the splash is.

The kernel average misorientation (KAM) was ana-
lyzed according to EBSD results and performed in 
Fig. 11. The average value of KAM on vertical section 
(0.6916) was smaller than that of the horizontal sec-
tion (0.75975) for the LPBFed AlSi10Mg samples, as 
shown in Fig. 11a. In general, a higher average value of 
KAM indicates a higher dislocation density, therefore, a 

higher dislocation strengthening in the sample. There-
fore, the strength and plasticity of the vertical section 
was smaller than that of the horizontal section for the 
LPBFed AlSi10Mg samples.

For the T6 treatment samples, as shown in Fig. 11b, the 
average values of KAM on vertical section (0.72425) and 
horizontal section (0.73675) were similar. For the T2 treat-
ment samples, it can be observed from Fig. 11c that the 
average values of KAM on vertical section (0.66272) and 
horizontal section (0.66037) were similar. For the T6-T2 
treatment samples, it can be observed from Fig. 11d that 
the average value of KAM on vertical section was 0.6637, 
while that on horizontal section was 0.78397. It can be 
found that there was a smallest difference in the average 
value of KAM between the vertical section and the hori-
zontal section for the T6 samples, which was consistent 
with the difference of tensile strength and plasticity. That 
is to say, the T6 treatment weakens the direction difference 
to the greatest extent from dislocation strengthening and 
metal deformation mechanism. Besides, the average value 
of KAM for T2 heat treatment was the smallest, suggesting 
that the T2 treatment minimizes the stress concentration.

Fig. 10  SEM images and EDS analysis of fractured surface profile of the LPBFed AlSi10Mg under HT2. a–c SEM images of fractured surface 
profile of the vertical sample. d–f SEM images of fractured surface profile of the horizontal sample. g–h EDS analysis of the horizontal sample
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4  Conclusions

The present work investigates the effect of heat treatment 
on microstructures and mechanical properties of AlSi10Mg 
alloy fabricated by LPBF. The key findings can be listed as 
follows:

(1) The obvious differences of microstructures for the 
LPBFed AlSi10Mg samples were attributed to the LPBF 
principle. For the “horizontal section,” the distribution of 
the melt pools was tightly arranged, which was consistent 
with the chessboard scanning. After the T6 and T6-T2 heat 
treatments, the proportion of equiaxed grains on the vertical 
section increased, which could explain the reduced anisot-
ropy of the mechanical properties.

(2) The eutectic Al-Si phase for the LPBFed speci-
mens was generated and distributed along the molten pool 
boundaries. After the heat treatments including T6, T2, 
and T6-T2, the eutectic Al-Si phase was transformed into 
Si particles uniformly distributed in α-Al matrix. Neverthe-
less, the mass fraction of Si in the particles (%) and the 

elongation (%) was the largest by T6-T2 treatment, while 
the tensile strength and yield strength were the small-
est because of experiencing the whole process of “fully 
diffusion- nucleation-precipitation-growth.”

(3) For the LPBFed specimens, the mechanical properties 
of the horizontal direction were better than those of the verti-
cal direction. Apart from that, the LPBFed AlSi10Mg sam-
ples at the vertical direction by the T6 treatment obtained 
the best combination of strength and plasticity, with a tensile 
strength of 292 MPa, a yield strength of 245 MPa, and a 
percentage elongation after the break of 11.8%. The dim-
ples on the tensile fracture reveal that the fracture mode is 
dominated by arbitrary fracture.

(4) The relationship among the inverse pole figure (IPF) 
maps, pole figure (PF) maps, the mass fraction and distri-
bution of Si in the Al matrix and Si particle, the grain size, 
kernel average misorientation (KAM), and mechanical prop-
erties under different heat treatments was established. The 
proportion of equiaxed grains on vertical section increased, 
which was favorable to reduce the anisotropy degree of the 

Fig. 11  The kernel average misorientation (KAM) map on horizon-
tal section, the histogram for KAM on horizontal section, the kernel 
average misorientation (KAM) map on vertical section, and the his-

togram for KAM on vertical section under different conditions. a As-
printed. b T6 treatment. c T2 treatment. d T6-T2 treatment
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mechanical properties. Moreover, the T6 treatment weak-
ened the direction difference to the greatest extent from the 
distribution of KAM. Besides, the average value of KAM 
for T2 heat treatment was the smallest, indicating that the T2 
treatment minimizes the stress concentration.
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