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A B S T R A C T  

AlSi alloys have a wide range of applications in the Additive Manufacturing area, 

including automotive, aerospace, and residential industries. Despite their appealing mix 

of mechanical qualities, high heat conductivity, and low weight, they are more difficult to 

treat by Selective Laser Melting due to their high reflectivity and heat conductivity. In this 

work, samples were exposed to heat treatment at temperatures of 400°C, 500°C, and 

550°C and an artificial ageing treatment for 180°C for 12h, to control the mechanical 

behaviour of selective-laser- melting (SLM)-produced AlSi10Mg alloys, after which 

material properties such as tensile strength and hardness were evaluated. The highest 

tensile and yield strengths are shown by the as-built SLM specimens, which have values 

of 432.45 and 322.76 MPa. On the other hand, the lowest tensile and yield strengths are 

shown by the solution heat-treated specimens, which have values of 168.11 and 90.52 

MPa. Similar to as-built SLM specimens, the highest hardness value measured was 

132.55Hv1.  

 

1 Introduction  

Product development and manufacturing technologies are all aimed at improving productivity by improving efficiency 

and product quality through the entire manufacturing process, from concept and detail design to quality control and 

packaging. Additive Manufacturing (AM) refers to a “process of joining materials to make objects from 3D model data, 

usually layer upon layer, as opposed to subtractive manufacturing methodologies”. Its synonyms include: additive fabrication, 

additive processes, additive techniques, additive layer manufacturing. Selective laser melting (SLM) is an ALM process and 

emerged as a new manufacturing technique to directly fabricate metal alloys and metal matrix composites products. SLM, 

also termed Direct Metal Laser Sintering as similar to selective laser sintering (SLS), is one of the most versatile ALM 

processes to generate complex 3D parts by Solidifying successive layers of powder material on top of each other. Nowadays, 
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additive manufacturing (AM) has replaced some traditional metal manufacturing methods, such as melting and forging, in 

certain different production methods, notably in the aerospace and motor racing application industries. In real sense, the 

primary advantages, like the absence of manufacturing design constraints, shape freedom, high component complexity, 

combination of various parts onto a part, production of functionally graded materials, reduced tooling requirements, and the 

ability to produce on demand, were accomplished in all these application fields [1, 2]. 

Furthermore, it has recently been supported in the literature that SLM may be utilised to produce metal matrix composites 

(MMCs). This aim can be achieved in part by developing novel materials with greater qualities than those acquired through 

traditional techniques, and in part by improving the control, precision, and dependability of the SLM process [3, 4]. 

The method is characterised in that the metallic material in powder from is applied in the form of a metallic powder free 

of binders and fluxing agents, that it is heated by the laser beam to metallic powder free of binders and fluxing agents, that it 

is heated by the laser beam to metallic powder free of binders and fluxing agents, that it is heated by the laser beam to metallic 

powder is fully molten throughout at the point of impact of said laser beam. STL file which is the de-facto standard file 

format for additive manufacturing technologies. This file is then loaded into a file preparation software package for slicing 

the 3D data into layers, usually from 20μm to 100μm in thickness, creating a 2D image of each layer. After that, parameter, 

values and physical supports are assigned to allow the file to be interpreted and built by different types of additive 

manufacturing machines. The highly concentrated laser energy input in SLM results in large thermal gradients, which result 

in thermal stress in the part. Deformation, cracking, internal porosity and dimensional inaccuracy are four of the most 

common defects. 

Characteristics of the material, especially those that control the thermal response of materials, such as melting 

temperature, transformation temperatures, thermal conductivity, specific heat capacity, thermal diffusivity, coefficient of 

thermal expansion, flow properties, laser absorption, latent heat of vaporization, and etc., originate from chemical 

composition and are the major parameters to select the appropriate method and parameters of powder bed laser processing. 

These properties affect crack sensitivity, porosity, heat affected zone (HAZ) embrittlement, poor absorption of the radiation, 

etc [5]. Due to its excellent mechanical characteristics, such as hardness and strength, in the heat treated form, Al–Si–Mg 

alloys are now in high demand for a variety of applications, including motor racing, the automobile sector, and aerospace 

and heat exchanger systems. These alloys have typically been utilised for lightweight and thin-walled casting parts, as well 

as components with complicated geometry that are subjected to high stresses [6]. Many investigations have been conducted 

on these alloys, ranging from the initial powders through the potential end uses of lightweight lattice structures [7, 8]. 

But at the other hand, there are not many studies that focus on investigating how changes in energy affect the 

microstructure properties of the AlSi10Mg alloy produced by SLM Speed up the scan [9]. It is well known that the AlSi10Mg 

alloy part produced by SLM's processing could base on precise microstructure. Further research into how heat treatment and 

artificial ageing affect the evolution of microstructure during SLM will be interesting and valuable. 

Understanding microstructure control and the quality of SLM-fabricated parts requires extensive research into how heat 

treatment and artificial ageing affect materials that have undergone SLM processing. The purpose of this study is to 

investigate Influence of heat treated and artificial aging on the microstructure and mechanical properties of SLM-produced 

AlSi10Mg alloy parts. 

2   Methodology 

A gas atomized AlSi10Mg powder with a normally distribution from 20 µm to 63 µm. AlSi10Mg tensile bars shown 

(Figure 3.2) & Figure 3.3) shows the 2D and 3D view of the specimen; were fabricated on a EOSINT M 280. The SLM 

machine is equipped with a 400W Gaussian beam fiber laser with a focal laser beam diameter of 80 µm. The processing 

parameters have been optimized as follows: the laser power was 350W, laser scan speed was 1140 mm/s, the powder layer 

thickness was 50µm and the scan spacing was 170µm. The SLM production was performed in an inert argon atmosphere to 

avoid the pick-up of interstitial oxygen (lower than 0.2%). The AlSi10Mg parts were cut from the Al substrate using wire 

electrical discharge machining after production, it is worth nothing that the substrate was heated to 100°C for the purpose of 

reducing internal stress during the SLM process. 
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Fig. 1 – Tensile specimens of AlSi10Mg alloy made by SLM Fig. 2 – Dimension of the specimen in mm  

In accordance with the standard T6 heat treatment process, the SLM-produced AlSi10Mg specimens were solution-

treated at the different temperatures of 450°C, 500°C, and 550°C for 2h, followed by water quenching, after the solution heat 

treatment, one half of the specimens were immediately subjected to artificial aging at 180°C for 12h, and then all the samples 

were equally water quenched to room temperature. 

Table 1 – Material Composition in (%wt) 

Si Fe Cu Mn Mg Ni Zn Pb Sn Ti 

10 0.55 0.05 0.45 0.3 0.05 0.1 0.05 0.05 0.15 

The tensile strength of the AlSi10Mg specimens before and after the heat treatments was characterized by a high precision 

electronic universal testing machine AG-100kN, Shimadzu with a constant strain rate of 1mm/min. The tensile specimen is 

illustrated in figure 1. Vickers hardness tests were carried out on a 430SVD hardness test machine at a load of 1000 gf and a 

loading time of 15s. 

3 Mechanical properties 

 The tensile stress-strain curves obtained from the room temperature tensile testing on the as-built and different solution 

heat-treated AlSi10Mg specimens are shown in Figure 4.1. The variations of the tensile strength, yield strength and ductility 

with the solution temperature are given in Figure 4.3. The as-built SLM specimens exhibits the highest tensile and yield 

strengths of (432.45 MPa and 322.76 MPa), respectively, but possesses a lower ductility of 5.2%. The solution heat treatment 

has a great influence on the mechanical properties of the SLM made AlSi10Mg specimens. As the sample is solution heat-

treated at 450°C for 2 h, there is a dramatically decrease in both tensile and yield strengths (282.36 MPa and 196.58 MPa, 

respectively), whist a large increase in ductility of (13.4%) can be observed. With further increase of the temperature up to 

500oC, the tensile and yield strengths are reduced to (234.75 MPa and 126.00 MPa) respectively, and the ductility increases 

to (23.5%). However, when the temperature reaches 550oC, the specimens exhibit the lowest tensile and yield strengths 

(168.11 MPa and 90.52 MPa, respectively), while the ductility slightly increases to the maximum (23.7%). For the specimens 

subjected to both heat treatment and artificial aging at 180°C for 12 h, the mechanical properties are shown in Figure 4.3. it 

can be found that the ultimate strength and ductility both decrease with the increase in the temperature. The tensile strength 

decreases from 197.11 MPa to 187.14 MPa, while the ductility decreases from 23.3 to 19.5, as the solution temperature 

increased from 500°C to 550°C. 

The high strength of the as-built SLM AlSi10Mg specimens can be attributed to the grain refinement. The effect of grain 

size on the mechanical properties can be rationalized by the semi-empirical Hall-Petch (HP) relationship, which is indicated 

in Eq. (1): 

 𝜎 = 𝜎𝜊 + 𝑘𝑑−(
1

2
)
 (1) 
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Where σ is the proof stress, σo is the friction stress for dislocation movement, k is the Hall-Petch coefficient, and d is the 

grain size. The size-induced strengthening results from the pile-up of dislocations at grain boundaries as well as resistance of 

the dislocation to slip transfer. Grain size refinement leads to reduction of the distance between the Si particles, which can 

give a considerable contribution to the strength because the increased Al-Si interface can effectively reduce the movement 

of dislocations [10], moreover, due to the nano-sized eutectic network Si in the as-built AlSi10Mg sample, the localized shear 

stress can be relived and hence increase the strength. 

 

Fig. 3 – Room temperature tensile stress-strain curves of the as-built SLM samples that solution heat-treated at different 

temperature 

 

Fig. 4 – Corresponding mechanical data 

The strength and ductility after heat treatment are influenced by many factors, such as number, morphology and size of 

the Si phase, initial hardening rate and recovery rate. The last two factors are closely related to the solute content in the solid 

solution. Upon solution and artificial aging, the Si atoms trapped in the Al matrix are rapidly precipitated out onto the existing 

eutectic network Si, thus reducing the solid solution strengthening. Meanwhile, the distance between the Si particles increases 

significantly, which also contributes to the decreased of tensile and yield strengths. As to the ductility of the as-built SLM 

samples and solution heat-treated specimens in this study, two aspects need to be considered. Firstly, the decrease in the 

number of Si particles and increase in size induce the reduction of localized stress or strain. Secondly, solution heat treatment 

reduces the residual stresses that are built up during the SLM process. These two aspects benefit the enhancement of the 

ductility of the solution heat-treated AlSi10Mg specimens. 

Vickers micro-hardness is introduced and the corresponding results are illustrated in Figure 4.4. In general, the hardness 

values of the heat-treated specimens are lower than those of the as-built ones. Due to the fine dispersion of eutectic Si in the 

Al matrix, the as-built AlSi10Mg SLM specimens have the maximum micro-hardness value, namely 132.55 Hv1. After the 

solution treatment at 450 °C for 2 h, a significant decrease in micro-hardness can be observed (95.65Hv1). When the solution 
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treatment temperature is further increased from 500 °C to 550 °C, the micro-hardness decreases from approximately 87.85 

Hv1 to 63.55 Hv1. It is worth noting that artificial aging also has a negative effect on the micro-hardness of the samples that 

have been subjected to the solution treatment. After the artificial aging at 180 °C for 12 h, the micro- hardness further reduces 

to 78.15 Hv1, 60.55 Hv1 and 52.5 Hv1 for the specimens that have been solution heat- treated at 450 °C, 500 °C and 550 °C, 

respectively, as illustrated in the red bars in Figure 4.4. This behaviour is in a good agreement with the evidence found in the 

tensile tests. This result can be also attributed to the coalescence of small Si particles as well as Ostwald ripening, which 

result in an increase in size and decrease in the number of particles. 

 

Fig. 5 – Tensile test Stress-Strain curves of the solution + artificial aging specimens 

 

Fig. 6 – The Vickers Hardness of the as- built and Heat-Treated SLM specimens 

It is well known that the microstructure of AlSi10Mg alloy can be influenced by superheating. The underlying reason 

had been attributed to the existence of two typical temperatures, usually donated by the dissolution temperature Td and the 

branching temperature Tb. At the temperature below Td, the Al and Si-rich particles which have been inherited from the solid 

AlSi10Mg alloy exist in the liquid phase. Once the temperature exceeds Td, these particles begin to be melted [11]. When 

the temperature is over Tb, molten Al and Si can be considered to mix homogenously. According to previous studies, Td and 

Tb of Al- Si10Mg alloy should be around 1020 °C and 1170 °C, respectively which are much higher than the eutectic 

temperature of Al-Si alloys (577 °C). During the SLM process, the temperature of a large part of the melt track exceeds Td 

but does not reach Tb. In addition, the short interaction time between laser and material, and the formation of liquid 

oscillations or capillary waves intensify the inhomogeneous microstructure. This could be due to the fast 

melting/solidification induce thermal accumulation and residual stresses to form during the SLM process [12]. Therefore, an 

inhomogeneous Al-rich and Si-rich microstructure is expected, which is helpful to form heterogeneous nucleation and 

enhance the nucleation rate. Due to the extremely high cooling rate (about 106 °C/s) of SLM, the above mentioned 

inhomogeneous microstructure will retain in the Al matrix. During the solidification process, the Si phase with higher melting 
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point firstly precipitates and grows up in the form of particles most likely by a heterogeneous nucleation mechanism. Then, 

with the decrease in temperature, the α-Al phase then nucleates and grows in the Si depleted zone around the Si particles, 

which inhibits the growth of the Si particles [13]. The continuous growth of the α-Al phase results in an increased Si 

concentration in the residual liquid. As the concentration of Si increases to a certain extent, the liquid phase may transform 

into the eutectic zone eventually resulting in the cooperative growth mechanism between Si and Al, and then yielding the 

eutectic phase in the latter stages of solidification. A very steep temperature gradient occurs on the surface of the melted track 

due to the high laser energy density and heat conductivity of Al. The large temperature gradient induces a highly undercooling 

condition, leading to the fibrous morphology of the Si crystals. Therefore, a microstructure with fibrous Si network distributed 

in supersaturated Al matrix forms in the SLM-processed AlSi10Mg alloy. Temperature gradient in SLM process influence 

on micro-segregation, phases formations and grain structures of the specimen [14]. 

Table 2 – Result of Tensile test and Hardness test 

Types of 

Heat 

Treatment 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

% 

elongation 

of Ductility 

Vickers 

Hardness 

(Hv1) 

Artificial Aging 

(ST +180oC/12h) 

Ultimate 

Strength 

(MPa) 

Ductility 

(%) 

Vickers 

Hardness 

(Hv1) 

As Received 432.45 322.17 5.3 132.55 _ _ _ 

ST 450oC/2h 282.36 196.58 13.4 95.65 198.87 23.8 78.15 

ST 500oC/2h 234.75 126.00 23.5 87.85 197.11 23.3 60.55 

ST 550oC/2h 168.11 90.52 23.7 63.55 187.14 19.5 52.5 

 

Fig. 7 – SEM images of the fracture surfaces of the SLM AlSi10Mg parts with the different heat treatment conditions a) 

as Processed b) Heat treated at 450oC, c), Heat Treated 500°C and d) Heat treated at 550oC. 

The fibrous Si phases in the as-built SLM samples are extremely fine (200–300 nm), which results in a large total 

interfacial energy γAl/Si   between Al and Si phases [15].  In addition, other kinetics or thermodynamic factors include the 

wettability (normally ex- pressed by the contact angle θc) and the local concentration of Al and Si atoms. These phenomena 

provide a high original driving force for the Si atoms coarsening.  With the increase in heat treatment temperature, the 

increased original driving force gives rise to the precipitation of a significant amount of Si from the Al matrix. The availability 

of the precipitated Si may thus provide an additional contribution to the driving force for the growth of the Si particles. 

Moreover, when heat-treated at a high temperature, Si phase undergoes a thermally activated growth process. This enables 

the growth of Si phase along with the lowest free energy direction. 
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Figure 7a-7d illustrates the fracture surface areas of the developed samples and heat-treated tensile specimens. Due 

to uniaxial tension, the pores formed by the SLM process were opened. The evident cleavage-fracture structure was 

caused by the SLM process's residual stress and fine anisotropic columnar grains. The cleavage structure also resul ted 

in relatively brittle fracturing. 

In comparison to the samples as-fabricated, the heat treatment aided grain growth, Si precipitation, and residual stress 

release, all of which contributed to the formation of a more uniform microstructure. It is noted that the dimples in the heat-

treated samples were larger than those in the samples that were manufactured, which could also be attributed to the fact that 

the heat treatment caused the grains to grow. By eliminating heat affect zones (HAZ), this one as microstructure is improved 

by favouring the sphereodization of interdendritic eutectic Si particles and decreasing the crack initiation. The nearby fine 

dimple regions, which are characterised by ductile fractures, are different from the central smooth area, which signifies a 

fragile rupture region. Large pores, which initiated fractures during the tensile test, turned into the preferred locations for 

inhomogeneous deformation at high stress levels, which led to the beginning of cracking. 

4 Conclusions 

In this study, the effects of the solution and artificial aging heat treatments on the phase, mechanical properties of the 

SLM-produced AlSi10Mg specimens are systematically studied. The main results and findings are as follows. 

The as-received SLM parts were very brittle because of the residual stress developed during the processing. 

The solutionized sample was much softer than the as received sample. Hence we can conclude that the residual stresses 

developed during processing were relieved from the solutionizing heat treatment. 

As the solutionizing temperature was decreasing the strength & hardness found to be decreasing. Hence from our studies 

we can conclude that depending on the ductility required we have to choose the solutionizing temperature.        

The variation in size of Si particles has a significant influence on the mechanical properties of the AlSi10Mg specimens. 

The tensile strength decreases from 434.25 MPa for the as-built specimens to 168.11 MPa for the specimens that solution 

heat-treated at 550 °C for 2 h. in contrast, the fracture strain remarkably increases from 5.3% to 23.7%. 

To summarise all of the findings and observations, it should be highlighted that SLM technology provides a wide range 

of possibilities for manufacturing complex-shape structures and components. However, in order to achieve high mechanical 

properties and a favourable microstructure, ageing temperature and time will influence porosity, grain refinement, and 

changes in dislocations of the materials. Solution heat treatment lowers residual stresses that are built up during the SLM 

process. These factors contribute to the increased ductility of solution heat-treated AlSi10Mg specimens. 

It is worth noting that artificial ageing has a negative impact on the micro-hardness of solution-treated samples. Because 

of the fine distribution of eutectic Si in the Al matrix. 
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