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Abstract
This study investigates the effects of shot peening (SP) performed after solution treatment (ST) and
aging on the microstructure, mechanical properties, and surface quality of AlSi10Mg alloy produced by
selective laser melting (SLM). ST was conducted at 540°C for 2 hours, followed by aging at 180°C for 6
hours, whereas SP was performed using various processing parameters. Microstructural examinations,
tensile tests, and analyses of microhardness, density, and 3D surface topography were performed. The
results indicated that ST and aging reduced tensile strength while increasing elongation at break. SP
increased the yield strength of the heat-treated samples; for the sample subjected to SP after aging, this
value exceeded that of the as-built condition (reaching 267 MPa). Furthermore, SP reduced surface
roughness across all processing conditions. The lowest Ra and Rq values, 0.30 µm and 0.40 µm,
respectively, were observed in the sample subjected to SP after ST. Conversely, the near-surface
microcracks and reduced ductility observed after SP highlighted the need for a comprehensive
evaluation of mechanical properties. The findings demonstrate that SP is a complementary process that
enhances the mechanical properties and surface quality of the heat-treated AlSi10Mg; however,
processing parameters must be optimized with due consideration for surface integrity and ductility.

1. Introduction
Aluminum alloys are widely used in the automotive and aerospace sectors, where high strength and light
weight are preferred. AlSi10Mg is an aluminum alloy classified among Al-Si-based hypoeutectic alloys.
Preferred for applications requiring high corrosion resistance, a narrow solidification range, low weight,
and high strength, the AlSi10Mg alloy can be produced via both casting and SLM methods [1–4].

SLM is based on the principle of manufacturing parts directly using computer-aided design (CAD) data.
SLM enables the production of complex parts that cannot be manufactured using traditional methods.
This innovative technology allows for the production of denser parts through layer-by-layer
manufacturing. Furthermore, compared to conventional methods, it stands out for its advantages,
including efficiency, minimal material waste, shorter production times, and design flexibility. However,
additive manufacturing also presents certain disadvantages. Complex thermal cycles occurring during
production, particularly in laser powder bed technology, are a notable factor. These thermal cycles lead
to undesirable phenomena such as stress accumulation, residual stresses, porosity, and surface
roughness [5, 6]. Post-processing operations are employed to eliminate these issues. Heat treatment is
used to alleviate residual stresses and stress accumulations induced by thermal cycles. Solution
treatment (ST) and aging are among these heat treatments. An elongation at break of up to 20% has
been observed following ST, indicating a significant reduction in residual stresses [7]. Additionally, a
decrease in the low-angle grain boundary (LAGB) fraction observed by EBSD after T6 heat treatment
signals a reduction in internal stresses [8]. However, it has been reported that after ST and aging, the
ultra-fine eutectic microstructure is replaced by precipitated Si particles, leading to a dramatic drop in
strength [9]. It has been determined that both yield and tensile strengths decrease in solution-treated
samples, and that the alloy's strength diminishes as the solution-treatment temperature rises [10]. ST
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also reduces hardness values. Furthermore, it has been reported that increasing the solution-treatment
temperature increases the size of Si particles [11]. A review of the literature clearly indicates that
solution treatment and aging processes eliminate material brittleness by reducing residual stresses.
However, it has been observed that the ultra-fine eutectic structure characteristic of additive
manufacturing degrades, resulting in significant reductions in strength and hardness. SP is applied to
create a plastic deformation layer near the surface, serving purposes such as grain refinement, crack
prevention, the induction of compressive residual stress, increased hardness, and porosity reduction
[12–14]. Additionally, it has been reported that the SP process eliminates surface defects and enhances
the mechanical properties of AlSi10Mg [15]. The formation of nanostructured grains on the surface
following SP is also a factor contributing to increased hardness. Moreover, it has been reported that SP
creates subsurface plastic deformation layers, thereby shifting the site of crack initiation away from the
surface [16]. It has also been noted that SP improves fatigue strength by reducing porosity at and near
the surface [17].

In AlSi10Mg alloys produced via the SLM method, ST and aging heat treatments are frequently employed
in the literature to eliminate microstructural defects and enhance ductility. However, these processes
disrupt the ultrafine eutectic structure, a hallmark of additive manufacturing, leading to a dramatic
decline in the material's strength and hardness. Conversely, shot peening, a mechanical surface
treatment, is known to reduce surface roughness and improve fatigue life by inducing residual
compressive stresses. Despite this, the sequential and synergistic effects of these two post-processing
mechanisms- specifically, how the loss of strength caused by heat treatment might be compensated for
through shot peening parameters, and the resulting structural alterations to surface integrity (such as the
formation of micro-cracks) have yet to be systematically mapped in the literature. This study aims to
bridge this gap by systematically investigating the combined effects of solution treatment and aging,
followed by shot peening, on the microstructure, mechanical properties, and 3D surface integrity of SLM-
produced AlSi10Mg alloys. By evaluating the increased ductility from heat treatment alongside the
surface hardening and smoothing effects of shot peening, an optimal sequential post-processing
strategy for additively manufactured components is established.

2. Material and Method

2.1. The AM-SLM and post-processing
The AlSi10Mg material used in the study was produced on an ENAVISION250 machine using the SLM
technique. Production was carried out with the following parameters: laser power of 240 W, scanning
speed of 1300 mm/s, hatch spacing of 0.1 mm, and layer thickness of 30 µm. Additionally, argon was
used as the shielding gas during production. Solution treatment and aging were applied to the additively
manufactured AlSi10Mg specimens; the heat-treatment heating rate was 20°C/min. Following the heat
treatment, the specimens underwent SP. The SP process was performed using ASH 230 steel shot. The
process parameters were as follows: projection pressure of 3.5 bar, peening duration of 10 s, surface
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coverage of 200%, nozzle angle of 90 degrees, and nozzle distance of 500 mm. Details of the applied
processes are presented in Table 1.

Table 1
Details of the different processes applied

Number of specimens Process Procedure

S1 As-Built SLMed AlSi10Mg

S2 ST 540 ℃/2 h/Water quench (WQ)

S3 Aging 540 ℃/2 h/WQ + 180 ℃/ 6 h/Air cool (AC)

S4 SP SP

S5 ST + SP 540 ℃/2 h/ WQ + SP

S6 Aging + SP 540 ℃/2 h/ WQ + 180 ℃/ 6 h/ AC + SP

2.2. Testing and analysis of samples
Metallographic examination, hardness testing, and tensile testing were performed on the samples
subjected to SP after aging. During the metallographic preparation stage, the samples were ground up to
2500 mesh. After being polished with a diamond solution, the samples were etched using Keller's
reagent for 20 seconds. Preparations for imaging via optical microscopy and scanning electron
microscopy (SEM) were completed. Tensile test specimens, prepared in accordance with the ASTM E8
standard, were subjected to tensile testing at room temperature and a speed of 1 mm/min using a
Zwick/Roell Z-100 tensile testing machine. Microhardness testing was conducted using a Duroline-M
microhardness tester with a 200 g load for 10 seconds. Surface topography analysis was performed
using a 3D optical profilometer. These analyses were carried out in accordance with the ISO 4287
standard regarding arithmetic mean (Ra) and root-mean-square (Rq) parameters. A schematic
representation of the processes performed is provided in Fig. 1.

3. Results and discussion

3.1. The evaluation of microstructure
Figure 2 presents images related to the post-processing of the AlSi10Mg alloy produced via additive
manufacturing. Figure 2a shows an optical microscope image of the AlSi10Mg sample in the as-built
state. The image reveals the characteristic microstructural features formed by melt pools and laser
scanning paths specific to the SLM process; a fish-scale pattern of molten pools and molten boundaries
is visible in the optical microscope image. The average height (h) and width (w) of the melt pools were
approximately 91.6 µm and 171.4 µm, respectively. The melt pool aspect ratio (h/w) is 0.53. This is quite
close to the conventionally assumed value of 0.5 [18]. Figure 2b shows the SEM image of the shot-
peened sample. Significant surface deformation occurred during SP, altering the surface morphology
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compared to the as-built condition. Micro-cracks in the near-surface regions are also notable. Indeed, it
has been reported that excessive plastic deformation of the parts, particularly in cases of over-peening
and perpendicular-angle peening, leads to the formation of near-surface micro-cracks [19, 20]. Figure 2c
displays an SEM image of the as-built AlSi10Mg sample along with an EDX analysis of a selected region.
The SEM image shows a fine distribution of fibrous Si networks within the α-Al matrix. Furthermore,
since no precipitation occurred in the as-built part, the Si phases are eutectic, and the dendritic structure
of the as-built sample is visible. α-Al cell dimensions and eutectic Si network morphology profoundly
influence the strengthening mechanisms of the SLM AlSi10Mg alloy [21]. The EDX spectrum indicates
the presence of Al, Si, and Mg as the primary elements. The EDX analysis yielded an elemental
distribution of approximately 87.4% Al, 12.0% Si, and 0.6% Mg. These results demonstrate that the
material has a chemical composition consistent with that of the AlSi10Mg alloy. Figure 2d presents the
SEM image, EDX spectrum, and elemental maps for sample S2. In the SEM image, Si-rich regions
exhibiting distinct contrast within the Al matrix are clearly observable. Following the ST treatment, the
dendritic structure gave way to precipitated Si particles [8]. Localized EDX analysis of the precipitated
grains reveals that the precipitated particles are highly rich in Si. Si content of 43.2% was detected in the
point EDX analysis performed on the precipitated grain shown in Fig. 2d. Figure 2e presents the SEM
image, EDX spectrum, and elemental maps for sample S3. During aging, fine Mg2Si precipitates form
within the aluminum matrix via precipitation hardening. Although these nanoprecipitates, smaller than
100 nm, are not directly visible, they play an effective role in strengthening the material. By inhibiting
dislocation motion through the Orowan mechanism, these precipitates increase the material's resistance
to plastic flow [22–25].

3.2. Mechanical properties
The tensile test results of the examined samples are presented in Table 2 and Fig. 3a. It was observed
that the tensile test results varied significantly with the applied heat treatment and SP processes, and
that, compared with the as-built condition, ST and aged samples exhibited decreased tensile strength
and increased elongation at break. In the S2 sample, a substantial reduction was observed in both yield
and tensile strengths (100 MPa and 221 MPa, respectively), while a significant increase in elongation at
break (12.5%) was noted. The effect of grain size on mechanical properties can be explained by the Hall-
Petch relationship [11]. The Hall-Petch relation is shown in Eq. 1. In the equation, σ is the yield strength,
σ0 and k are material constants, and d is the grain size.

σ = σ0 + k.d− 1/2 (1)

Grain refinement reduces the inter-particle spacing of Si, thereby enhancing strength, as the increased
Al-Si interfacial area impedes dislocation movement [23, 26]. This explains why the highest tensile
strength (400 MPa) was exhibited by the ultra-fine-grained as-built sample. The structure and size of the
Si phases formed after heat treatment directly influence strength and ductility [27]. Following ST and
aging, Si particles precipitating from the supersaturated Al matrix reduce strength by decreasing the
number of Si grains and increasing grain size [28]. Residual stresses decrease after the ST process,
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thereby increasing ductility; however, elongation at break decreases slightly after aging (S3; 6%). The
yield strength results obtained from the tensile tests on SP specimens (S4, S5, and S6) are noteworthy.
Increases in yield strength were observed as follows: approximately 7% from S1 to S4, 38% from S2 to
S5, and 15% from S3 to S6. The increase is particularly striking following the heat treatment.
Compressive residual stresses induced by the SP process play a critical role in enhancing yield strength
[29]. Conversely, the significant reduction in ductility observed in the SP specimens is attributed to
cracking in the near-surface regions caused by plastic deformation during the SP process. Indeed,
Jamalian et al. have reported a similar phenomenon [30].

 
Table 2

Tensile test values of the samples
Specimens YS (MPa) UTS (MPa) EL (%)

S1 236 ± 1 400 ± 3 3.8 ± 0.2

S2 110 ± 2 221 ± 4 12.5 ± 1.5

S3 232 ± 10 278 ± 11 6 ± 0.7

S4 252 ± 9 364 ± 2 2 ± 0.1

S5 152 ± 9 236 ± 4 5.7 ± 0.1

S6 267 ± 2 293 ± 1 3.1 ± 0.3

The microhardness results for the experimental samples are presented in Fig. 3b. The average hardness
of the as-built sample (S1) was 125.4 HV. The higher hardness value in the as-built sample is attributed
to the dislocation structure, the fine distribution of eutectic Si within the Al matrix, and the cellular
dendritic microstructure [7]. For sample S2, which underwent ST, the hardness value dropped to 70 HV.
This reduction in hardness in sample S2 can be associated with the dissolution of existing hardening
phases and the material's transition to a softer microstructure during the ST process [31]. The hardness
of sample S3 was measured at 98 HV, indicating a slight increase relative to sample S2. It has been
reported that the precipitation of the Mg2Si phase or other metastable phases leads to a limited increase
in hardness values [7]. The average hardness values reached 107.3 HV for sample S4, 103.2 HV for
sample S5, and 110.5 HV for sample S6. These results indicate that the plastic deformation and work
hardening induced by the SP process, particularly in the surface region, significantly influence the
hardness values [15].

Archimedes' density tests were performed on the experimental samples, and the results are presented in
Fig. 3c. The relative density of the as-built sample was determined to be 2.63 g/cm³ (98.4%). However, a
slight decrease in density was observed in the ST and aged samples. This is attributed to the dissolution
of eutectic Si fibers, which disrupts the cellular structure and facilitates the coalescence of internal
pores [32–34]. Furthermore, the reduction in density was slightly more pronounced in the aged samples
due to the longer heat-treatment duration. An increase in density values was observed in all samples
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following the SP process. In terms of relative density, there is an increase of approximately 1% from S1
to S4, approximately 1.5% from S2 to S5, and approximately 2.3% from S3 to S6. SP increased the
relative density; this effect can be attributed to the closure or shrinkage of near-surface pores due to
deformation [17].

3.3. Surface Morphology and Roughness Analyses
Figure 4 presents the three-dimensional surface topographies and the Ra and Rq surface roughness
values for samples S1–S6. When the sample groups are evaluated collectively, it is evident that the
applied ST, aging, and SP processes resulted in distinct differences in surface topography. The Ra and
Rq values for the as-built sample (S1) were measured as 0.63 µm and 0.95 µm, respectively. No
significant change in surface roughness was observed in the ST sample (S2) or the aged sample (S3).
Literature also notes that the effect of heat treatment on surface roughness is quite limited [35].

The most notable change is observed in the shot-peened samples. For sample S4, Ra and Rq values
were determined to be 0.34 µm and 0.48 µm, respectively. Compared to the as-built sample S1, Ra
decreased by approximately 45.3% and Rq by approximately 49.4%. Similarly, Subramaniyan et al.
reported that the post-process SP treatment reduced the surface roughness of as-built parts by
approximately 50% [36]. This is attributed to the effective removal of surface defects that characterize
SLM parts (satellite particles, agglomerates, partially melted particles, and open porosity). For sample
S5 subjected to ST followed by SP, Ra was measured at 0.30 µm and Rq at 0.40 µm. Comparing S5 with
its counterpart, sample S2, reveals a reduction of approximately 48.3% in Ra and 66.7% in Rq. For sample
S6, subjected to aging followed by SP, the Ra and Rq values were 0.34 µm and 0.48 µm, respectively;
compared with the aged sample S3, both Ra and Rq decreased by approximately 54.8%. These results
demonstrate that the SP process significantly reduces surface roughness on surfaces prepared under
various heat-treatment conditions. Notably, sample S5 exhibits the lowest Ra (0.30 µm) and Rq (0.40
µm) values among all samples, indicating that the combination of ST and SP yields the lowest measured
surface roughness under the investigated processing conditions. Three-dimensional surface imagery
supports this finding, showing that the S5 surface displays a more homogeneous topographic
distribution.

4. Conclusions
In this study, the effects of heat treatment and shot peening processes on the microstructural,
mechanical, and surface properties of SLM-produced AlSi10Mg alloy were investigated. The results
obtained are summarized below.

1) The cellular eutectic Si network and melt pool boundaries observed in the as-built (S1) condition
completely dissolved and transformed into coarse Si particles within the matrix following the ST (S2) at
540°C. These microstructural changes are associated with differences in the mechanical behavior of the
samples. Additionally, microcracks were detected in the near-surface regions after SP, depending on the
peening parameters.
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2) ST and aging processes reduced tensile strength while increasing elongation at break. SP significantly
increased yield strength, particularly in heat-treated samples. However, a loss of ductility and the
presence of near-surface microcracks were observed in the shot-peened samples.

3) Microhardness, which was 125.4 HV in the as-built sample, dropped to 70 HV after ST. In shot-peened
samples, microhardness values were measured in the range of 103.2–110.5 HV. Furthermore, an
increase in relative density was observed after SP; this may be attributed to the shrinkage or closure of
near-surface pores due to deformation.

4) SP reduced surface roughness under all processing conditions investigated. The lowest Ra (0.30 µm)
and Rq (0.40 µm) values were obtained for the sample subjected to ST followed by SP. This result
demonstrates that SP can improve surface quality under appropriate processing conditions.

5) Overall, it is concluded that the SP process partially compensates for the loss of strength and
hardness resulting from heat treatment and improves surface quality and density, albeit at the cost of
reduced ductility. In this context, the combination of ST and SP (S5) is considered a promising post-
processing strategy for applications requiring both high strength and superior surface quality. Future
studies should focus on minimizing ductility loss by optimizing SP parameters (shot size, blasting
pressure, duration) and conducting a detailed investigation of fatigue behavior.
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Figures

Figure 1
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Schematic representation of the experimental process and characterization procedures for SLMed
AlSi10Mg.

Figure 2

Metallographic images of SLM-processed AlSi10Mg: a) as-built optical microscope image, b) SEM image
after shot peening, c) as-built SEM image with EDX analysis, d) SEM image with EDX analysis after ST, e)
SEM image with EDX analysis after aging.
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Figure 3

Comparison of mechanical properties, Vickers microhardness, and density of SLMed AlSi10Mg
specimens under different post-processing conditions.
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Figure 4

Surface topographies and roughness parameters (Ra and Rq) of SLMed AlSi10Mg specimens under
different post-processing conditions.
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