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Abstract
Al-7Si-0.5 Mg-0.5Cu alloy specimens have been fabricated by selective laser melting (SLM). In this study, the effects of 
solution treatment, quenching, and artificial aging on the microstructural evolution, as well as mechanical and wear proper-
ties, have been investigated. The as-prepared samples show a heterogeneous cellular microstructure with two different cell 
sizes composed of α-Al and Si phases. After solution-treated and quenched (SQ) heat treatment, the cellular microstructure 
disappears, and coarse and lumpy Si phase precipitates and a rectangular Cu-rich phase were observed. Subsequent aging 
after solution-treated and quenched (SQA) heat treatment causes the formation of nanosized Cu-rich precipitates. The as-
prepared SLMs sample has good mechanical properties and wear resistance (compressive yield strength: 215 ± 6 MPa and 
wear rate 2 × 10–13 m3/m). The SQ samples with lumpy Si particles have the lowest strength of 167 ± 13 MPa and the highest 
wear rate of 6.18 × 10–13 m3/m. The formation of nanosized Cu-rich precipitates in the SQA samples leads to the highest 
compressive yield strength of 233 ± 6 MPa and a good wear rate of 5.06 × 10–13 m3/m.

Keywords  Selective laser melting · Al-Si-Cu-Mg alloy · Heat treatment · Microstructure · Mechanical properties · Wear 
properties

1  Introduction

Selective laser melting (SLM) is one of the additive manu-
facturing technologies that work with the assistance of com-
puter-aided designs (CAD), and it is widely used for the 
fabrication of metallic components [1]. SLM offers many 
advantages compared with conventional processes in terms 

of process flexibility, cost reduction, and energy-saving 
[2–4]. This has triggered the development of novel alloys 
that are specific for the SLM process to fabricate compo-
nents with improved performance and functionalities. Due 
to the demand and widespread applications in the aerospace 
and automotive industries, Al-based alloys have become one 
of the most widely used classes of materials fabricated by 
SLM [5, 6]. With the rapid expansion of the market demand, 
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more and more SLM aluminum parts are produced, resulting 
in a decrease in production costs [7, 8].

Research on the SLM-processed Al-based alloys has been 
mainly focused on the mechanical properties and the wear 
behavior of Al-Si series alloys. Ma et al. [9] successfully fab-
ricated Al-20Si alloy specimens with a high yield strength 
(374 ± 4 MPa) and ultimate tensile strength (506 ± 5 MPa). 
These values are higher than the strength of the same alloy 
produced by conventional casting (105 and 162 MPa, respec-
tively) and extruded (155 and 190 MPa, respectively) coun-
terparts. Prashanth et al. [10] revealed that SLM processing 
of Al-12Si results in a fine cellular structure (1 ± 0.3 μm 
cell size) yielding three times higher strength values than 
the yield strength (260 MPa) of conventional cast samples. 
There are several reports dealing with SLM processing of 
Al-12Si alloys and related composites [11, 12]. Compared 
to conventional cast samples, SLM-processed Al-10Si-Mg 
can reach a fully dense microstructure with finer features 
and higher performance, with especially the tensile strength 
reaching up to 500 MPa and a significant improvement of 
the wear resistance [13–16]. Similarly, other Al-Si alloy 
systems like Al-35Si and Al-50Si have been explored and 
reported accordingly [17, 18]. Increasing the volume of Si 
increases the strength of the material, and at the same time, 
the material gets more brittle. Hence, it has been advised to 
have a minimum amount of Si to have an optimized com-
bination of strength and ductility. In most cases, the Al-xSi 
samples reach an ultimate tensile strength between 360 and 
420 MPa depending on the experimental conditions. Even 
though some of the Al-xSi samples show a brittle behavior, 
they are tough making them a good candidate in applications 
involving compressive stresses [19, 20]. Hence, more than 
tensile properties, the compressive properties are of most 
interest.

However, the mechanical properties and wear resistance 
of the current Al-Si and Al–Si–Mg series alloys are diffi-
cult to be tailored to meet the demands that Al-based alloys 
require under working conditions [10, 21–23]. The addition 
of Cu and Mg elements into Al alloys is helpful to tailor the 
microstructure and the performance by different heat treat-
ment procedures because of the precipitation of strengthen-
ing phases (e.g., θ, θ’, and Mg2Si). Wang et al. designed 
and fabricated an SLM Al-3.5Cu-1.5 Mg-1Si alloy, which 
shows improved mechanical properties and corrosion resist-
ance [24–26]. In this work, a novel Al-7Si-0.5Cu-0.5 Mg 
alloy was designed and fabricated using the SLM process. 
Systematical investigations concerning the influence of solu-
tion treatment, quenching and artificial aging on the micro-
structure and mechanical properties of the SLM-processed 
Al-7Si-0.5Cu-0.5 Mg alloy parts have been performed, 
revealing that the as-prepared SLM sample shows the high-
est hardness and the hardness drops with solution treatment. 
Again, the hardness may be improved by artificial aging, but 

the hardness does not reach the values of the as-prepared 
samples.

2 � Experimental

2.1 � Materials and SLM Processing

Bulk specimens were produced by SLM from spherical gas-
atomized powder (from TLS technique) with a nominal com-
position of Al-7Si-0.5Cu-0.5 Mg (wt%). Cylindrical rods for 
compression tests (Ø 3 mm × 6 mm height) and for wear tests 
(Ø 9 mm × 12 mm height) were fabricated using an SLM 
250HL system (SLM Solutions Group AG) equipped with 
a 400 W Nd:YAG laser (continuous wave). The parameters 
used for preparing the samples were as follows: scanning 
speed of 1455 mm/s for the volume, power of 320 W for 
both volume and contour, layer thickness of 50 μm, hatch 
spacing of 110 μm, and straight-line hatch style with 73° 
rotation between the layers were employed, which is similar 
to most of the other Al-based alloys [27, 28]. The SLM pro-
cessing was carried out under a protective argon atmosphere 
(Ar purity > 99%). The as-prepared SLM samples were ther-
mally treated under the following two conditions: (1) 540 °C 
for 8 h—solution-quenched condition (SQ) and (2) 540 °C 
for 8 h + 190 °C for 20 h—age-hardened condition (SQA) 
under vacuum conditions in a vacuum furnace. The heating 
rate was maintained at 10 °C/min.

2.2 � Characterization

Optical microscopy was carried out by using a VHX-2000 
digital microscope (OM; Keyence). Phase analysis was per-
formed by X-ray diffraction (XRD) using a D3290 PANa-
lytical X’pert PRO diffractometer with Co-Kα radiation 
(λ = 0.17889 nm) in Bragg–Brentano configuration. XRD 
phase analysis was performed on the cross section of the 
Al-7Si-0.5 Mg-0.5Cu alloys for two different heat treatment 
conditions. The microstructure of the samples was inves-
tigated by a scanning electron microscope (SEM; Gemini 
LEO 1530) equipped with an energy-dispersive X-ray spec-
troscopy system (EDS; Quantax 400 with SDD-Detector 
Xflash 4010, Bruker). The density of the samples was meas-
ured with the Archimedes method. The number and average 
width of particles were calculated from the OM/SEM images 
by using Image-Pro Plus software (Version 6.0 Software, 
Media Cybernetics, Inc. USA).

2.3 � Mechanical Properties

Vickers microhardness tests were performed using an 
HMV Shimadzu microhardness tester with 0.01 kg load 
and 10 s dwell time. The hardness of each specimen is the 
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value averaged over at least 20 different points, which were 
selected automatically. Room-temperature compression tests 
were carried out with the loading axis parallel to the building 
direction (BD) using an Instron 5869 machine at a constant 
crosshead speed of 0.001 mm/s according to DIN 50,106 
standard. A laser extensometer (Fiedler Optoelektronik 
GmbH, Germany) was used to measure the strain directly 
on the samples. At least five specimens were tested in the 
same condition to ensure the reproducibility of the results.

2.4 � Sliding Wear Tests

Sliding wear tests were carried out according to the ASTM 
G 99–05 standard at room temperature and in ambient 
atmospheric conditions using a pin-on-disc test device. 
A disk of 45-mm diameter and 13-mm thickness made of 
hard-faced stainless steel was used against Al-12Si flat head 
pins of 9-mm diameter and 12-mm height. The tests were 
performed at constant load (10 N) with a sliding speed of 
1 m/s for 30 min. The wear rate and the volume loss were 
calculated using Archard’s equation, which can be found 
elsewhere [29].

3 � Results and Discussion

3.1 � Phase Evolution

Figure 1 shows the XRD patterns of the as-prepared SLM 
Al-7Si-0.5 Mg-0.5Cu samples along with the results for two 
different heat-treated conditions. The diffraction peaks of 
α-Al and Si are observed in the as-prepared SLM sample. 

Some small peaks related to the Mg2Si precipitates are also 
observed in the as-prepared sample. The thermal treatment 
(SQ and SQA conditions) does not show the formation of a 
new phase(s), but the peak intensities of the existing phases 
change. The intensity of the Si peaks increases with ther-
mal treatment, suggesting that the Si present in the super-
saturated solution diffuses out of the Al matrix, as already 
observed in SLM Al-12Si specimens [10]. Irrespective of 
the changes in the peak intensities, the Al phase exhibits 
a crystallographic texture, similar to most of the SLM-
processed alloys. The small peaks observed should corre-
spond to Mg2Si phase, which also disappears after solution 
treatment.

The lattice parameter of α-Al in the as-prepared con-
dition is 0.405092 ± 0.000004  nm, and it changes to 
0.405112 ± 0.000002 nm in the SLM SQ condition. This 
indicates that less Si is dissolved in the Al lattice as super-
saturated solid solution after solution treatment and more 
free residual Si is observed (~ 3.5 wt%). With further aging, 
the lattice parameter increases to 0.405188 ± 0.000004 nm, 
clearly indicating additional diffusion of Si out of the Al 
lattice. This agrees well with the growth of the Si peaks in 
the SLM-SQA condition.

3.2 � Microstructural Characterization

Figure  2 shows the microstructure of the SLM Al-
7Si-0.5 Mg-0.5Cu samples in as-prepared and heat-treated 
conditions. As shown in Fig. 2a, there are no solidification 
defects in the as-prepared SLM samples except for the pres-
ence of anisotropy in the microstructure. The samples show 
a density of ~ 99.4%. The as-prepared SLM samples show 
a heterogeneous microstructure composed of both coarse 
and fine microstructural zones (Fig. 2a), which result from 
different thermal histories in the melt pool and the layer-by-
layer processing strategies [29–32]. The coarse microstruc-
ture zone results from recrystallization of the microstruc-
ture caused by the heat-affected mechanism of the previous 
scanned track [30, 33] and has an average width of around 
10–20 μm.

After heat treatment, the heterogeneous microstructure 
of the as-prepared SLM alloy disappears, and the SQ and 
SQA samples show a relatively homogeneous microstructure 
with an average number of particles of ~ 490 (observed from 
the OM images) and an average particle width of ~ 1.35 μm. 
The OM images of the SQA samples (Fig. 2c) contain more 
particles than in the SQ samples, and there are fewer rec-
tangular particles. The average particle width in the SQA 
condition is found to be as similar as for the SQ samples, 
which is slightly larger than for SLM Al-Si10-Mg subjected 
to the same heat treatment protocol, which was fabricated 
and investigated by Li et al. [21].

Fig. 1   X-ray diffraction patterns of the SLM Al-7Si-0.5  Mg-0.5Cu 
samples in as-prepared, solution-quenched (SQ) and solution-
quenched, and artificially aged (SQA) conditions
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Fig. 2   Optical microscopy images of SLM Al-7Si-0.5 Mg-0.5Cu samples in (a) as-prepared, (b) solution-quenched, (c) solution-quenched artifi-
cially aged conditions

Fig. 3   Bright-field scanning electron microscopy images and corresponding energy-dispersive spectroscopy maps at high magnification for 
etched SLM Al-7Si-0.5 Mg-0.5Cu samples: (a) as-prepared, (b) solution quenching, (c) solution-quenched artificial aging
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The microstructures of the SLM samples before and 
after heat treatment were observed by SEM and EDS and 
are shown in Fig. 3. The microstructure of the as-prepared 
samples consists of a fine equiaxed cellular α-Al matrix 
decorated with a eutectic fibrous Si network. Such a micro-
structural arrangement can be ascribed to the high cooling 
rate characterizing the SLM process [34–36]. The cellular 
microstructure disappears after SQ and SQA thermal treat-
ments (Fig. 3b and c). According to EDS analysis, lumpy Si 
phases and rectangular-shaped Cu-rich phases form in the 
SQ samples (Fig. 3b), which precipitate from the excessive 
amount of solute in the supersaturated solid solution of Al. 
In addition, there is no Mg-rich zone in the SQ samples, 
indicating the complete dissolution of magnesium in the 
Al phase. As shown in Fig. 3c, granular nanosized Cu-rich 
phases precipitate after artificial aging of the SQ samples. 
Similar microstructures and precipitation behavior have 
been observed for Al-12Si alloy in the as-prepared and heat-
treated conditions [10].

3.3 � Mechanical Properties

The compressive yield strength, Vickers hardness, and 
wear rate of all the differently treated materials are shown 
in Fig. 4. The as-prepared samples show compressive yield 
strength of 215 ± 6 MPa because of the Orowan looping 
mechanism induced by the fibrous Si precipitate network 
[16]. The size effect plays a major role in strengthening of 
these materials. The loops induce elastic loading of the Si 
phases and produce back stresses in the Al matrix [37]. The 
internal stress of the matrix leads to kinematic hardening and 
a Bauschinger effect in precipitate-strengthened alloys [38]. 

It has been observed that the as-prepared SLM samples show 
a high degree of dislocation density (2–3 orders of magni-
tude more than their cast counterpart) [39, 40]. The fine 
microstructural features including grain boundaries block 
the dislocations, where they pile up. In addition, other dis-
locations also block the dislocation movement leading to the 
dislocation tangle. Moreover, based on Orowan’s theory, the 
looping-induced internal stress increases with the decrease 
in interparticle spacing, leading to high strength in the as-
prepared SLM samples. After SQ heat treatment, the cellular 
structure in the SLM-fabricated samples disappears, and the 
nanosized Si phase transforms into lumpy Si phase precipi-
tates, which synergistically weakens the Orowan strength-
ening and leads to a decrease in the compressive yield 
strength after the solution treatment (167 ± 13 MPa) [10]. 
The dislocation density also decreases due to the influence 
of the thermal treatment. However, nanosized Cu-rich pre-
cipitates that form after further artificial aging significantly 
enhance strengthening through the Orowan mechanism, 
thereby leading to the highest compressive yield strength 
(in SQA samples) of 231 ± 6 MPa observed for all three 
sample conditions.

Hardness is also an important indicator of the material’s 
capability to resist plastic deformation [41]. The as-prepared 
SLM Al-7Si-0.5Cu-0.5 Mg samples have a maximum micro-
hardness of 190 ± 8 HV0.01 because of the formation of a 
supersaturated solid solution caused by the high cooling rate 
realized upon SLM [9]. With the SQ heat treatment, the 
lumpy Si-rich phase and the rectangular Cu phase precipitate 
and the solid solution strengthening decrease, which leads 
to a lower hardness of the Al matrix than for the as-prepared 
SLM specimens. Therefore, the SQ samples exhibit the 

Fig. 4   (a) Wear rate (20 N load), compressive yield strength, and Vickers microhardness of SLM Al-7Si-0.5 Mg-0.5Cu samples in three differ-
ent conditions (as-prepared, SQ, and SQA). Black bars represent the wear rate, red bars represent the compressive yield strength, and the blue 
bars represent the Vickers microhardness data. (b) Wear rate plotted as a function of load for the SLM-processed material in as-prepared and 
heat-treated conditions
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lowest hardness of 132 ± 12HV0.01. The artificial aging leads 
to a uniform distribution of nanosized Cu particles, which 
strengthen the Al matrix and improve the hardness of the 
SQA specimens. Therefore, the SQA samples show a moder-
ate hardness of 152 ± 5 HV0.01, which is lower than that of 
the as-prepared samples but higher than that of the SQ sam-
ples. Generally, the hardness shows an inverse correlation 
with the wear rate [37], and the results show the same trend 
in Fig. 4(a). The as-prepared SLM Al-7Si-0.5 Mg-0.5Cu 
samples show the lowest wear rate of 2 × 10–13 m3/m. The 
SQ samples exhibit a maximum wear rate of 6.18 × 10–13 
m3/m and after aging of the SQ samples, the wear resistance 
of the SQA samples improves again where the wear rate is 
reduced to 5.06 × 10–13 m3/m.

Figure 5 depicts the morphology of the worn surfaces 
for the different types of materials. As shown in Fig. 5a1 
and a2, the worn surfaces display groove tracks and con-
tain little dropped debris as well as oxide particles and 
delamination, indicating abrasive wear features. The 
features are attributed to the presence of oxide particles, 

which are generally harder than the matrix. They may thus 
improve the wear resistance of the samples [42].

The delamination is mainly attributed to the orienta-
tion of tracks with respect to the surface in contact with 
the sliding disk [43]. The solution and quench post-heat 
treatment causes precipitation of the lumpy Si phase 
and decreases microhardness and compression strength. 
The reduction in the microhardness leads to furrows and 
cracks, and some fracture features are observed on the 
worn surface (Fig. 5b1 and b2). The SQ samples show 
significant adhesive phenomena, owing to the precipita-
tion of lumpy Si particles [44]. As shown in Fig. 5c1 and 
c2, there is more debris in the image of the SQA samples 
due to the grinding of nanosized Cu particles during the 
wear test. Meanwhile, the nanosized Cu phase enhances 
the hardness of the material, which also leads to the for-
mation of groove tracks upon loading. Therefore, the wear 
resistance of the SQA samples is affected by both adhesive 
and abrasive wear mechanisms.

Fig. 5   Bright-field scanning electron microscopy images of the worn surfaces of (a) as-prepared, (b) solution-quenched, (c) solution-quenched 
artificially aged samples under low and high magnification after wear testing
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4 � Conclusions

In this study, fully dense Al-7Si-0.5 Mg-0.5Cu samples were 
successfully fabricated by SLM. The as-prepared SLM sam-
ples consist of a fine equiaxed cellular α-Al matrix deco-
rated with a eutectic fibrous Si network. SQ heat treatment 
generates coarse and lumpy Si-rich and rectangular Cu-rich 
phases. Artificial aging leads to uniform precipitation of 
nanosized Cu-rich phases in the α-Al and Si phases.

The as-prepared SLM samples exhibit compressive yield 
strength of 215 ± 6 MPa and Vickers microhardness of 
190 ± 8 HV0.01. After SQ heat treatment, the compressive 
yield strength decreases to 169 ± 13 MPa, and the Vickers 
microhardness drops to 132 ± 12 HV0.01. The SQA samples 
show the highest compressive yield strength of 231 ± 6 MPa 
and a reasonable Vickers hardness of 152 ± 5 HV0.01. In 
addition, the as-prepared SLM samples have the lowest wear 
rate of 2 × 10–13 m3/m and display abrasive wear features. 
In contrast, the SQ samples with the highest wear rate of 
6.18 × 10–13 m3/m show an adhesive worn surface. Due to 
mixed mechanisms of adhesive and abrasive wear, the SQA 
samples exhibit a good wear resistance and a moderate wear 
rate of 5.06 × 10–13 m3/m.
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