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RESIDUAL STRESSES OF AlSi10Mg FABRICATED BY SELECTIVE LASER MELTING (SLM)

The aim of the paper is the residual stress analysis of AlSi10Mg material fabricated by selective laser melting (SLM). The 
SLM technique allows to product of complex geometries based on three-dimensional model, in which stiffness and porosity can 
be precisely designed for specific uses. As the studied material, there were chosen solid samples built in two different directions: 
parallel (P-L) and perpendicular (P-R) to the tested surface and cellular lattice built in perpendicular direction, as well. In the paper, 
for the complex characterization of obtained materials, the phase analysis, residual stress and texture studies were performed. The 
classical non-destructive sin2ψ method was used to measure the residual stress measurements.

The final products, both solid sample and cellular lattice, have a homogeneous phase composition and consist of solid solution 
Al(Si) (Fm-3m) type, Si (Fd-3m) and Mg2Si (Pnma). The obtained values of the crystallite size are in a range of 1000 Å for Al(Si), 
130-180 Å for Si phase. For Mg2Si phase, the crystallite sizes depend on sintering process, they are 800 Å for solid samples and 
107 Å for cellular lattice. The residual stress results have the compressive character and they are in a range from –5 to –15 MPa.
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1. Introduction

Selective Laser Melting (SLM) technology is currently 
one of the most dynamically developing incremental / additive 
manufacturing method [1,2]. Along with technological progress, 
a significant increase in the share of this segment in the entire 
market production is observed. Selective Laser Melting process 
is an incremental method developed in the 1980s. Nowadays, Se-
lective Laser Sintering and Selective Laser Melting  (SLS/SLM) 
are one of the fastest growing branches associated with addi-
tive manufacturing technologies. Unlimited possibilities as to 
the shape of the elements being made and the ability to create 
internal channels with complex geometry, make the SLS/SLM 
technologies applicable, among others, in the tool industry 
(making injection molds equipped with conformal cooling chan-
nels), in the medical industry (making parts hip and knee joint 
implants), in the aerospace industry (making turbine blades and 
fuel injectors for aircraft engines) [3-6].

Presented in the paper material – AlSi10Mg is a typical 
casting alloy, often used for pressure casting. Its good mechani-
cal properties combined with light weight and flexible post-
processing capabilities have made it a widely used material in 
the automotive and aerospace industries [7]. Despite the passage 
of years, there has been a steady increase in the demand for 
aluminum components. This is connected, among others, with 
the development of new vehicle concepts and the search for op-

portunities to reduce their weight [8]. The use of SLM technology 
opens up new possibilities in this field. In particular, this applies 
to components with complex geometry, including components 
with a cellular structure (cellular lattice) [9,10]. Discussed alloy 
is relatively young material for SLM technique, comparing to 
316L steel or titanium alloys Ti6Al4V. First successful, practi-
cal applications of AlSi10Mg in SLM was dated around 2010. 
Since then, numerous researches have been carried out towards 
verification of laser melted AlSi10Mg in comparison with 
casted components [11-14]. To maximize the potential of the 
SLM process for the AlSi10Mg alloy, the majority of research 
is focused on the optimization of process parameters (i.e. energy 
density, scanning strategy, hatch space), which aims to obtain 
high quality products [15-17]. This is a complicated task, because 
the high thermal conductivity of aluminum-based powders and 
a reflectivity make necessary the use of a high laser power for 
melting and to overcome the rapid heat dissipation. Moreover the 
aluminum powder shows low flowability (a good powder flowa-
bility is required to achieve constant thickness powder layers). 
The influence of SLM process parameters is widely described in 
the literature with reference to the density, surface topology, and 
dimensional accuracy of AlSi10Mg, microstructure or mechani-
cal properties obtained [18,19]. Results of research conducted by 
Kempen et al. [16] show that AlSi10Mg parts created with SLM 
process have good mechanical properties, comparable or even 
better than parts manufactured with casting processes.
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To ensure the required quality of selectively melted ele-
ments from the AlSi10Mg alloy, it is also necessary, in addition 
to optimizing the melting parameters [20-22], to select the di-
rection of the model’s production. Research Kempen et al. [16] 
showed that AlSi10Mg samples produced by SLM at different 
angles show the anisotropy of mechanical properties. The reason 
for this might be a larger borderline porosity, which makes the 
Z-oriented tensile parts are more sensitive to crack initiation, 
compared to XY oriented tensile samples.

Part of the research focuses on determining residual stresses 
in melted layers that are created because of the high temperature 
gradients, thermal expansion and non-uniform plastic deforma-
tion during heating and cooling cycle [23,24]. Studding the lit-
erature there is possible to notice that the distribution of residual 
stresses in materials obtained by SLM technique is depended on 
material chemical composition, temperature treatment, sintering 
parameters and direction [25-29].

In the literature, one can find works on the analysis of 
the distribution of internal stresses in materials obtained by 
SLM technique. For example, in [26,28] works there are 
presented results of residual stress measurements obtained 
for AlSi10Mg alloy by use of semi-destructive hole-drilling 
method. An important aspect of that method is the fact that 
such experiment needs specialized equipment and destroys 
material. In that work, the authors would like to present the 
use of the standard X-ray diffractometer and the classical 
non-destructive sin2ψ method, allowing a relatively simple 
determination of the character of residual stresses in the ma-
terial.

The aim of this work is the structural characterization of 
AlSi10Mg material fabricated by SLM technique and evalua-
tion the effect of the orientation of the element being built on 
the residual stresses and texture. 

2. Material

The tested AlSi10Mg material were manufactured from 
Renishaw AlSi10Mg powders. The chemical composition of the 
initial AlSi10Mg powder is shown in Table 1. 

As the studied material, powder with a mean grain size of 
50 μm was used. SEM images have shown differences in shape 
and particle size (30÷50 μm in diameter – Fig. 1a), as well. 
Such material is not preferable for the SLM technique, as it 
might significantly affect the homogeneity and porosity of the 
obtained structure. The SEM images of the final cellular lattice 
are shown on the Fig. 1b.

For testing, there were chosen solid samples sintered in 
two different directions: perpendicular (P-R) and parallel  (P-L) 
to the tested surface and cellular lattice sample sintered in per-
pendicular direction (C-L) (Fig. 2-4). 

3. Experimental

3.1. Selective Laser Melting (SLM)

In order to avoid melting elements with numerous inhomo-
geneities and failure of the building process, appropriate melting 
parameters should be selected. So, the samples were obtained us-
ing a selective laser melting device AM 250 Renishaw equipped 
with a fiber laser Yb-Fiber (λ = 1064 nm) with a power of 400 W 
in Institute of Advanced Manufacturing Technology (Cracow, 
Poland). During the process, inert gas atmosphere (oxygen con-
tent below 100 ppm) was used in the working chamber. Melting 
parameters are presented in Table 2. Technological parameters 
and model preparation for the SLM process were performed in 
Autofab software. 

a)  b) 

Fig. 1. SEM images of: a) initial AlSi10Mg powder and b) final cellular lattice

TABLE 1

Chemical composition of AlSi10Mg powder

Element Al Si Mg Fe N O Ti Zn Mn Ni Cu Pb Sn
wt.% balance 9.00-11.00 0.25-0.45 <0.25 <0.20 <0.20 <0.15 <0.10 <0.10 <0.05 <0.05 <0.02 <0.02
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TABLE 2

Parameters of SLM technology during sintering 
of ALSI10Mg samples

Parameters Values
Layer thickness
Point Distance
Exposure Time
Laser Power
Scan Speed
The angle of inclination of the samples

50 [μm] 
75 [μm] 
75 [μs] 

400 [W] 
150 [mm/s]

0 [°] (P-R) and 90 [°] (P-L)

The orientation of the samples during the building process 
were shown on Fig. 2-4. After finishing of the process, the sam-
ples were cut off from the base plate, using electrical discharge 
machining (EDM) wire cutting.

3.2. XRD analysis

The XRD measurements were performed using the X-
ray diffractometer Empyrean PANalytical equipped with the 

Fig. 2. Scheme of the sample orientation: a) during the SLM process and the XRD experiments and b) solid sample after SLM process – per-
pendicular (P-R)

Fig. 3. Scheme of the sample orientation: a) during the SLM process and the XRD experiments and b) solid sample after SLM process – parallel (P-L)

Fig. 4. Scheme of the sample orientation: a) during the SLM process and the XRD experiments and b) cellular lattice sample after SLM process 
– perpendicular direction (C-L)
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5-axis stage, cobalt radiation (Co Kα1 = 1.79021 Å), PIXcel 
and scintillation detectors. The HighScore Plus software and 
ICDD data base (PDF4+ 2016) were used for phase identifi-
cation. Structure refinements, unit cell parameters, crystallite 
sizes and lattice strains of identified phases were analyzed by 
the Rietveld refinement basing on the Williamson-Hall theory 
[30-32]. The calculation of the crystallite size and lattice strain 
was based on the whole angle X-ray scattering (WAXS) pattern 
analysis [33]. Residual stress [34] analysis was performed for 
all tested samples for Al (311) diffraction line. Texture analysis 
was performed for Al (200) diffraction plane. The calculations 
were carried out with the PANalytical software X’Pert Stress 
and X’Pert Texture, respectively.

4. Results and discussion 

The final products, both solid sample and cellular lattice, 
have a homogeneous phase composition and consist of solid solu-
tion Al(Si) (Fm-3m) type, Si (Fd-3m) and Mg2Si (Pnma) phases 
in an amount range of 92-94, 4-7 and 1-3 wt.%. The example of 
X-ray diffraction patterns obtained for solid and cellular lattice 
are presented on Fig. 5. 

The results of unit cell refinement and structural characteri-
zation parameters are presented in Table 3-5. The slight changes 
in values of Al unit cell parameters in comparison to the theoreti-
cal ones (ICDD PDF4+ 2016 card: 00-004-0787; a = 4.0494 Å) 
indicate the formation of the solid solution Al(Si) type. 

The aluminum crystallite size analysis gives similar results 
for all samples – in a range of 1000 Å for Al(Si) and 130-180 Å 
for Si phase. However, the differences in the crystallite sizes of 
Mg2Si phase in dependence on sintering process were observed 
(800 Å for solid samples and 107 Å for cellular lattice). 

 In the solid sample (P-R - tested surface perpendicular to 
the building direction), the texture of aluminum phase of (200) 
diffraction plane was observed. The example of pole figures are 
presented on Fig. 6.

The residual stress analysis performed for Al (311) dif-
fraction line indicates their compressive character. The detailed 
results are presented on Fig. 7 and Tables 6 and 7.

a) b) 

Fig. 5. The examples of X-ray diffraction patterns obtained for a) solid and b) cellular lattice of AlSi10Mg samples (perpendicular direction)

TABLE 3

The structural results of AlSi10Mg solid sample, P-R (perpendicular)

Phase ICDD PDF4+
Unit cell 

parameters:
a/c [Å]

Space 
Group

Phase 
amount 
[wt.%]

Crystallite 
size: 
D [Å]

Al 98-018-2727 4.0512(1) F m-3m 94 >1000

Si 04-007-8736 5.4310(1)/
6.5952(4) F d-3m 4 180

Mg2Si 98-016-7511 3.9820(5)/
7.7236(5) P nma 2 800

TABLE 4

The structural results of AlSi10Mg solid sample, P-L (parallel)

Phase ICDD PDF4+
Unit cell 

parameters:
a/c [Å]

Space 
Group

Phase 
amount 
[wt.%]

Crystallite 
size: 
D [Å]

Al 98-018-2727 4.0550(6)) F m-3m 92 950

Si 04-007-8736 5.4381(5)/
6.5993(1) F d-3m 7 115

Mg2Si 98-016-7511 3.9909(6)/
7.7833(8) P nma 1 760

TABLE 5

The structural analysis results of AlSi10Mg cellular lattice, 
C-L (perpendicular)

Phase ICDD PDF4+
Unit cell 

parameters:
a/c [Å]

Space 
Group

Phase 
amount 
[wt.%]

Crystallite 
size: 
D [Å]

Al 00-004-0787 4.0481(1) F m-3m 92 > 1000

Si 04-007-8736 5.4275(9)/
6.5797(8) F d-3m 5 130

Mg2Si 98-016-7511 3.9381(9)/
7.7378(2) P nma 3 107
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TABLE 6

Residual stress results of AlSi10Mg obtained for solid sample, 
P-R (perpendicular direction)

ϕ: 0° 45° 90° 135°
Al (311) σ [MPa] –5.00 –4.76 –0.75 –2.56

TABLE 7

Residual stress results of AlSi10Mg obtained for cellular lattice, 
C-L (perpendicular direction)

ϕ: 0° 45° 90° 135°
Al (311) σ [MPa] –15.84 –23.39 –19.52 –16.28

The obtained residual stresses results reached values of 
about –5 MPa for the solid sample and –15 MPa for the cellular 
lattice. Not linear character of residual stress diagrams (especially 
observed for solid sample – Fig. 7a) indicates nonhomogenity of 
material. In comparison to other results known from literature 
[26,28], one can observed that residual stresses for AlSi10Mg 
alloys measured by use of semi-destructive hole-drilling method 
were on level of 55-66 MPa. The visible difference in obtained 
values might be an effect of influence of direct contact between 
the sample and the support plate and thus generating stresses [28]. 

5. Conclusions

In general, it can be concluded that the direction of process, 
increase in density, decrease in porosity affect the structural 
changes, e.g. occurrence and distribution of texture and pres-
ence of residual stresses in the material. All tested samples are 
characterized by compressive residual stresses. Moreover, the 
residual stresses character and values obtained for cellular lattice 
are more stable then residual stress obtained for solid samples. 
The results have pointed out that:
– the final products, both solid sample and cellular lattice, 

have a homogeneous phase composition and consist of 
solid solution Al(Si) (Fm-3m) type, Si (Fd-3m) and Mg2Si 
(Pnma);

– the obtained crystallite size in studied AlSi10Mg material 
are in a range of 1000 Å for Al(Si), 130-180 Å for Si phase;

– for Mg2Si phase, the crystallite sizes depend on building 
process, they are 800 Å for solid samples and 107 Å for 
cellular lattice;

– the residual stress results have the compressive character 
and they are on the level from –5 to –15 MPa.

a) b) 

Fig. 6. The examples of pole figures obtained for a) solid (perpendicular direction) and b) cellular lattice of AlSi10Mg samples

a) b) 
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Fig. 7. The examples of residual stress diagrams obtained for a) solid and b) cellular lattice of AlSi10Mg samples (perpendicular direction)
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