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Abstract
This study aims to evaluate how T6 heat treatment influences the microstructure and 
microhardness of both cast and additively manufactured (AM) AlSi10Mg. Furthermore, 
effect of microstructure and microhardness on the machinability of AlSi10Mg was 
assessed considering the chip morphology, cutting force, machining temperature, 
and surface roughness. Initially, untreated cast and AM AlSi10Mg exhibited distinctly 
different microstructures. T6 heat treatment caused substantial alterations in both 
the microstructure and microhardness of the materials. In both material variants, 
silicon (Si) experienced fragmentation, followed by spheroidization and subsequent 
coarsening. However, the heat-treated AM specimens exhibited finer and more 
uniformly spheroidized Si particles than their cast counterparts. The untreated AM 
AlSi10Mg showed substantially higher microhardness than the cast alloy. Upon heat 
treatment, the AM material experienced softening and reduced hardness, whereas 
the cast material exhibited a notable increase in hardness. Machining the untreated 
AM alloy generated higher machining temperatures and cutting forces relative to 
the cast alloy. Post heat treatment, the AM alloy decreased both cutting force and 
temperature, while the cast alloy exhibited an increase in both parameters. Surface 
finish was consistently superior in AM specimens compared to cast ones in untreated 
and heat-treated conditions. Chip morphology also varied significantly: longer chips 
were produced when milling cast specimens, whereas shorter chips were observed 
with the AM material. Heat treatment reduced chip size for the cast alloy, while chip 
morphology remained largely unchanged for the AM material.

Keywords  AlSi10Mg, Additive manufacturing, Laser powder bed fusion, Heat 
treatment, Cleaner production

1  Introduction
Laser Powder Bed Fusion (LPBF) is a metal additive manufacturing (AM) technique 
that fabricates components layer by layer from metal powder, utilizing a laser beam as 
the heat source. The process offers greater freedom to design and fabricate parts with 
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complex geometries, reducing processing time, carbon emissions, and material wast-
age [1]. It also enables the production of components with a superior strength-to-weight 
ratio, suitable for aerospace, biomedical, and automotive applications [2, 3]. The AM 
system can support various materials, including cobalt-chrome, stainless steel, nickel, 
aluminum, titanium, and copper alloys. Aluminum alloys are extensively utilized across 
various industrial applications, with the Aluminum-Silicon (Al–Si) system being partic-
ularly common, known for its favorable specific strength and corrosion resistance [4, 5]. 
Among Al–Si alloys, AlSi10Mg is commonly used and produced through both AM and 
casting methods.

The material structure of AM AlSi10Mg is significantly different than the cast 
AlSi10Mg. AM of AlSi10Mg results in an ultrafine microstructure characterized by Al 
matrix encased in a network of Si particles, resulting from the rapid ejection and solidi-
fication of Si under high cooling rates (10³–10⁶ °C/s) [6–8]. Additionally, dense networks 
of entangled dislocations are present within Al matrix, formed because of rapid solidi-
fication conditions [9]. When subsequent layer melting induces sufficient reheating, it 
can promote diffusion, promoting the formation of Mg2Si precipitates and Si dispersoids 
[7, 10]. The mechanical properties of printed AlSi10Mg are greatly influenced by these 
microstructural characteristics [11, 12].

One of the main process-related challenges faced by additively manufactured (AM) 
aluminum alloys is their structural anisotropy, which significantly hinders their use in 
conventional engineering applications that require properties to be uniform and iso-
tropic [13, 14]. While the refined microstructure of AM material significantly enhances 
hardness and tensile strength, it simultaneously introduces limitations such as reduced 
ductility, higher brittleness, and increased residual stresses, which may adversely impact 
fatigue performance and fracture toughness [15, 16]. Furthermore, poor surface fin-
ish and limited dimensional accuracy restrict the direct use of AM parts in industrial 
settings. Therefore, post-processing operations, including machining and heat treat-
ment, are crucial to overcome these drawbacks and ensure the parts meet application 
requirements.

Heat treatment plays a crucial role in influencing the microstructure and mechanical 
properties of AM AlSi10Mg. The commonly used heat treatment methods for AlSi10Mg 
are T5, T6, and annealing, each offering unique benefits in reducing residual stresses 
and modifying the microstructure and mechanical properties. Among these, T6 heat 
treatment, which involves solution treatment, quenching, and artificial aging, is particu-
larly notable for optimizing the strength-ductility balance in AlSi10Mg alloys [17]. T6 
heat treatment has been reported to relieve residual stresses while substantially decreas-
ing material anisotropy [18]. During solution treatment, the fine cellular α-Aluminum 
(α-Al) structure in SLM-processed AlSi10Mg dissolves partially, resulting in the redistri-
bution of Si particles and a temporary decline in hardness [19, 20]. This microstructural 
change allows for the relaxation of residual stresses and enhances ductility by reducing 
grain boundary-strengthening effects [21]. Subsequent quenching aids in suppress-
ing premature precipitation, while the artificial aging process facilitates the precipita-
tion of strengthening phases, thereby increasing hardness and restoring mechanical 
strength via. precipitation hardening [22, 23]. AlSi10Mg was subjected only to artifi-
cial aging and was found to retain its original microstructure [24]. However, prolonged 
aging or exposure to high temperatures can induce over-aging, causing the coalescence 
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of precipitates and subsequent reduction in hardness and strength [17, 19, 20]. Also, it 
the case of Al-Si alloys, besides Ostwald’s dissolution, the growth of Si particles can also 
result from impingement, fusion, and agglomeration. Higher Si content makes achiev-
ing spheroidization more challenging due to fragmentation and coarsening [25]. The 
direct aging method successfully increased microhardness, while the T6 heat treatment 
caused a reduction in microhardness. Additionally, the direct aging treatment enhanced 
the ultimate tensile strength, unlike the T6 heat treatment, which resulted in a decrease 
in strength [26]. T6 heat treatment can markedly improve fatigue performance of AM 
alloy [27]. The dendritic eutectic Si networks present in AlSi10Mg alloys enhanced the 
hardness and impact toughness of AlSi10Mg [28, 29]. Additionally, solution treatment 
at 550 °C followed by aging at 180 °C produced the best overall property enhancement 
[6]. Surface preheating also affected the microstructure and mechanical characteristics 
of the AlSi10Mg alloy. Preheating led to the coarsening of nano-sized Si precipitates and 
a decrease in solid solution strengthening. Additionally, there was fragmentation of the 
continuous eutectic Si. These microstructural alterations resulted in a reduction of both 
the ultimate tensile strength and yield strength of the material [30].

Machining serves as a post-processing technique to improve the dimensional accuracy 
and surface finish of AM components. Research indicates that the machining character-
istics of AM AlSi10Mg differ considerably from those of its cast counterpart. Due to its 
refined cellular dendritic microstructure, AM AlSi10Mg typically encounters higher cut-
ting forces and results in inferior surface quality under comparable cutting conditions 
[31]. This microstructure also leads to increased hardness, which aids in minimizing 
burr formation during milling [31]. Additionally, microstructural features influence chip 
morphology. AM AlSi10Mg generally produces shorter chips compared to the cast alloy 
because its greater porosity and brittleness promote microcrack formation and enhance 
chip fragmentation [32]. The microstructure and microhardness also influenced the 
specific cutting energy (SCE). A higher SCE with increased vibration was noted when 
milling AM A205 aluminum alloy than the cast counterpart. However, a superior sur-
face finish was observed while milling AM components due to finer grain structure and 
higher microhardness [33]. Heat treatment also affects machinability. Solution-treated 
AM aluminum alloys, due to their increased ductility, often exhibit poorer surface 
quality, heightened vibrations, and increased SCE during machining [34]. Researchers 
have suggested several strategies to overcome the milling challenges of AM AlSi10Mg. 
The down-milling technique resulted in a superior surface finish compared to tradi-
tional milling methods [32]. Additionally, using Minimum Quantity Lubrication (MQL) 
reduced flank wear and surface roughness more effectively than dry cutting [35]. More-
over, employing vegetable oils with MQL enhanced milling performance by lowering 
cutting temperatures and reducing tool wear, thus achieving better surface characteris-
tics [36]. Cryogenic cooling has also been shown to be an effective method, significantly 
minimizing tool wear and surpassing dry, flood, and MQL-based techniques [37].

The literature review highlights the need for heat treatment operations to mitigate the 
detrimental effects of the AM process. Moreover, post-processing through machining is 
crucial for improving surface characteristics of AM parts. As reported, AM alloys exhibit 
distinct mechanical and microstructural characteristics compared to their convention-
ally produced counterparts, significantly affecting their machinability. However, despite 
extensive research on heat treatment of AM AlSi10Mg, influence of microstructure on 
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machinability is yet to be thoroughly investigated. Moreover, machinability compari-
son between heat-treated cast and AM AlSi10Mg has not been adequately covered by 
previous research. This study aims to address the existing knowledge gap by examining 
how heat treatment affects the microhardness and microstructure of both cast and AM 
AlSi10Mg. Additionally, the machinability of cast and AM aluminum alloy is evaluated 
under untreated (as-fabricated) and heat-treated states, considering cutting forces, sur-
face roughness, machining temperature, and chip morphology.

2  Materials and methods
AlSi10Mg alloy specimens were fabricated using casting and AM routes. The AM parts 
were produced using a LPBF system (EOS M280) with an Argon atmosphere. The feed-
stock consists of gas-atomized AlSi10Mg powders, averaging between 15 and 50  μm 
in particle size. The material was fabricated using a laser source with a 370  W power 
setting, 1300  mm/s scan speed, 0.19  mm hatch spacing, and a 30  μm layer thickness. 
A stripe scanning strategy with 67° inter-layer rotation and a 7  mm stripe width was 
used. The cast AlSi10Mg alloy was prepared using commercially aluminum ingots. 
Si and Magnesium (Mg) were added in the form of Al–Si and Al–Mg master alloys, 
respectively. The cast AlSi10Mg specimens were produced by melting the materials in 
a steel crucible at 740 °C for four hours, followed by casting in a steel mold preheated 
to 710 °C. After cooling, the ingots were sectioned to the required dimensions using the 
Wire Electrical Discharge Machining process. The density of the cast and AM AlSi10Mg 
specimens was measured using liquid displacement method. To ensure accuracy and 
repeatability, several measurements were carried out, and the average density value is 
recorded. Accordingly, the density of AlSi10Mg produced through LPBF is 2.68 g/cm³, 
while the density of its as-cast version is 2.77 g/cm³. Table 1 provides specifics about the 
chemical composition for the cast specimen and the AlSi10Mg powders as provided by 
the supplier.

A muffle furnace was employed to heat-treat the cast and printed specimens. The heat 
treatment cycle followed is shown in Fig. 1.

Milling experiments were conducted on a vertical machining center (VMC) (AMS 
Spark). Figures 2(a, b) illustrate the experimental setup, which includes the custom fix-
ture and one of the cutting tools. Two fluted end mills were employed during the study, 
as they help in easier chip evaluation and prevents chip clogging, which is crucial when 
working with aluminum alloys. The machining tests involved four types of specimens: 
as-built (AM), as-cast, T6 heat-treated AM, and cast AlSi10Mg alloys. End mills were 
coated with amorphous tetrahedral carbon (ta-C) through PVD-arc deposition (Oer-
likon Balzers), which is recognized for its high hardness (50–60 GPa), and low friction 
coefficient (0.1–0.2), offering superior tribological characteristics and resistance to wear. 
Selected end mills had two flutes, 35° helix angle, a flute length of 18 mm. Dry machin-
ing, a sustainable method of metal cutting was employed for all the trials. The milling 
trials were conducted by varying the cutting speed at two levels (25, 75 m·min⁻¹), and 
cutting feed at two levels (0.06, 0.18 mm·rev⁻¹). The level of cutting speed was selected 
considering the limitations of the machine tool. Since the study focused on evaluating 
only the cutting forces, surface roughness and machining temperature, lower feeds were 
employed to limit the adverse effect of tool wear. The axial and radial cut depth were 
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maintained at 1 mm and 5 mm, respectively. To ensure consistency and reliability of the 
results, each set of machining conditions was repeated three times.

Machined surface morphology, chips and microstructure were characterized using the 
optical microscope (Olympus BX53M). Additionally, a scanning electron microscope 
(SEM) (Zeiss EVO 18) was utilized to examine the chips and the microstructure of the 
material. An energy-dispersive spectroscopy (EDS) detector (Oxford) was employed to 
analyze elemental composition. Specimens were treated with Keller’s reagent follow-
ing guidelines of ASTM E407. X-ray diffraction (XRD) analysis was conducted using 
X-ray diffractometer (Rigaku Miniflex 600) equipped with a copper tube operating at 
40 kV and 15 mA. The measured 2θ diffraction angle ranged from 20° to 80°, with incre-
ments of 0.5°. Vickers microhardness measurements were performed using a Matsuzawa 

Fig. 2  (a) Experimental setup with fixture, (b) Cutting tool employed in the machining experiments

 

Fig. 1  T6 heat treatment cycle employed
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MMT-X tester with a diamond pyramid indenter, applying a 200  g load for 15  s per 
indentation, in accordance with the ASTM E92 standard. To ensure statistical reliability, 
ten readings were obtained from random locations of the cast and AM specimens. The 
microhardness values presented are the average of these measurements. The associated 
error was calculated as the standard deviation of the dataset.

An infrared (IR) camera (FLIR A50), with an operating range of -20–1000  °C, was 
used to capture the machining temperature. The emissivity setting was adjusted to 0.95 
to ensure accurate temperature readings. The machined surfaces were assessed for sur-
face roughness using non-contact profilometer (Contour–Bruker), with arithmetic mean 
height (Sa) serving as the roughness indicator. A dynamometer (Kistler 9272) linked to 
charge amplifier (Kistler 5070 A) was employed to measure and obtain three force com-
ponents at 4000 Hz. Dynoware software was utilized to examine force signals. Resultant 
cutting force was derived from the three orthogonal components (Fx, Fy, Fz) using Eq. 1 
[38].

	
F =

√
F 2

x + F 2
y + F 2

z � (1)

3  Results and discussion
3.1  XRD analysis

Figure 3 illustrates the XRD diffraction patterns for both the cast and AM AlSi10Mg 
alloy, observed before and after undergoing heat treatment. By utilizing the Interna-
tional Centre for Diffraction Data (ICDD) patterns 01-089-2837 and 01-089-5012, the 
primary peaks associated with Al and Si were identified. The XRD diffraction patterns 
for the as-cast and as-built samples reveal low-intensity peaks for Si (111), Si (220), Si 
(311), Si (400), and Si (331), with these peaks being more prominent in the AM speci-
men. Strong diffraction peaks for aluminum, specifically Al (111), Al (200), Al (220), and 
Al (311), were noted, with greater intensity in the as-built AM material. Furthermore, 
the Mg₂Si phase was detected, aligning with ICDD pattern 00-001-1192, confirming a 

Fig. 3  XRD pattern of cast and AM AlSi10Mg alloy before and after heat treatment
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chemical interaction between Mg and Si. However, the diffraction intensity of the Mg₂Si 
phase was quite low, indicating its minimal presence in both the as-cast and as-built 
specimens.

Figure 3 also illustrates the XRD patterns for both the cast and AM materials after 
undergoing heat treatment. Post heat treatment, there was an increase in the intensity 
of the Si peak compared to the untreated samples. This enhancement in the Si phase dif-
fraction peak after heat treatment is mainly due to the precipitation of Si from the α-Al 
matrix in the AlSi10Mg alloy [11]. This indicates a significant decrease in the solubility 
of Si within the Al matrix after the heat treatments [11, 39]. Additionally, for the AM 
AlSi10Mg, the Si-rich cellular boundaries transformed into distinct Si particles along 
the α-Al matrix boundaries, with these Si particles enlarging during solution treatment, 
thereby increasing the peak intensity [5, 6]. The XRD pattern of the AlSi10Mg specimen 
subjected to T6 heat treatment showed Mg2Si peaks with a significant increase in inten-
sity, especially in the AM material. This heightened intensity is due to the precipitation 
of Si from the supersaturated α-Al matrix during the heat treatment, followed by the 
reaction of the separated Si with Mg to form the Mg2Si phase [11, 40].

3.2  Microstructural analysis

Figure 4(a, b) illustrates the microstructure of AlSi10Mg alloy in its as-cast state. It fea-
tures dendritic primary α-Al along with a lamellar eutectic structure made up of α-Al 
and Si. In an as-cast specimen, a slow cooling rate results in Si solid solution breakdowns 
within Al-matrix, forming coarser plate-like Si precipitates. The matrix contains the 
primary α-Al phase, which is enveloped by a continuous eutectic network composed of 
Al and Si. The SEM image shows the presence of needle-like Si, a characteristic attrib-
uted to the hypoeutectic composition. Figure 4(c) presents an area-scan EDS spectrum 
illustrating the presence of Al, Si, Fe, Mn, and Mg in the chosen region. This analysis 
offers only qualitative elemental data and does not enable the conclusive identification of 

Fig. 4  (a) Optical microscopy-based microstructure of as-cast AlSi10Mg alloy, (b) SEM image of as-cast AlSi10Mg 
alloy microstructure (c) Area-EDS elemental spectra and composition
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specific intermetallic phases like Mg₂Si. However, the XRD pattern shown in Fig. 3 sug-
gests the potential presence of the Mg₂Si phase, as indicated by the appearance of faint 
peaks. This implies that the Mg₂Si phase is present in minimal amounts in the as-cast 
specimens.

Figure 5(a, b) presents the microstructure of the AM specimen obtained using optical 
microscopy. The microstructure widely differs from the as-cast material. These micro-
graphs show the presence of solidified melt pools, with adequate overlap and densifica-
tion along the build and scan directions. Figure 5(a) illustrates distinct scanning patterns 
on the XY-plane with widths ranging from approximately 100 to 200 μm and with vary-
ing lengths. The XY-plane exhibits scan path patterns oriented at an angle of 67°. Melt 
pools are visible in the build direction (Z plane), displaying their semi-circular morphol-
ogy (see Fig. 5(b)). The overlapping melt pools depict the paths traced by the scanning 
laser, with the arrow denoting the build direction. This arrangement resembles the pat-
tern of fish scales, where each scale corresponds to an individual melt pool.

The SEM images of the as-built specimen indicate fine cellular dendritic structure for-
mation, as illustrated in Fig.  6. A fibrous network of eutectic Si characterizes the cell 
walls. In metals that solidify under conditions of rapid cooling and low solute levels, a 
cellular dendritic structure often emerges. For Al-Si alloys, higher cooling rates during 
LPBF can enhance the solubility of Si within the aluminum matrix. The LPBF process, 
characterized by extremely high cooling rates (10³–10⁶ °C/s), promotes greater Si solu-
bility in Al-matrix [6–8]. This rapid solidification also minimizes constitutional under-
cooling by decreasing the Si concentration in the liquid phase. Consequently, accelerated 
cooling and solidification in the LPBF process led to cellular dendritic structure forma-
tion in the untreated AM alloy.

Further examination of the printed specimen along the scan direction (XY-plane) 
illustrates the presence of overlapping melt pools consisting of three distinct zones (see 
Fig. 7(a). These consist of a fine cellular zone (FCZ) with fine grains located within melt 
pool, a coarser cellular zone (CCZ) featuring a coarser grain structure positioned a few 
microns from the melt pool boundary, and heat-affected zone (HAZ) surrounding the 
melt pool in adjacent melt pools. HAZ forms due to elevated temperatures generated by 
laser heating and the creation of neighbouring melt pools. This disrupts the close cellu-
lar network within the HAZ, leading to the coarsening observed within the intercellular 
phase. The borders of the melt pool experience multiple cycles of melting and solidi-
fication, which results in a coarser microstructure compared to the finer morphology 

Fig. 5  Optical micrograph of as-built AlSi10Mg alloy (a) Along scan direction (XY-plane), (b) Along build direction 
(Z-direction)
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observed at the center of melt pools. The variation in microstructure observed is due 
to overlapping of laser scans and the layer-by-layer solidification characteristic of the 
process, which results in different thermal histories from center to the edge of the melt 
pool [41]. Importantly, solidification rate (R) and temperature gradient (G) are crucial 

Fig. 7  Microstructure of as-built AlSi10Mg alloy along (a) Scan direction (XY-plane), (b) Build direction (Z-plane)

 

Fig. 6  (a) SEM of as-built AlSi10Mg alloy microstructure, (b) Area-EDS elemental spectra and composition
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parameters that significantly affect the microstructure of a given alloy composition. 
These parameters change throughout melt pool, from its center to its edges. At the cen-
ter, where temperature gradient is highest and solidification rate is lowest, a fine cellu-
lar-dendritic structure tends to form. Conversely, at the boundaries of the melt pool, a 
decrease in temperature gradient and an increase in the solidification rate result in the 
formation of a more elongated and coarser dendritic structure [42].

Figure 7(b) presents the surface morphology and microstructure of as-built specimen 
along the build direction (Z-plane). In line with the top surface, the building-direction’s 
overlapping melt pools also indicate the presence of three zones, including the FCZ, 
CCZ, and HAZ. In addition, the side view microstructure shows characteristics of non-
equilibrium directional solidification, indicative of epitaxial growth directed towards the 
subsequent layer. This growth pattern is oriented towards the melt pool center, as seen 
in the micrograph.

In cast alloys, heat treatment effectively alters the shape of the acicular eutectic Si 
lamellae, turning them into more spherical particles. Initially, the Al matrix shows an 
uneven distribution of Si, marked by elongated, needle-like eutectic Si particles. When 
subjected to solution treatment at 540 °C, these particles undergo significant morpho-
logical changes as described by Lifshitz–Slyozov–Wagner (LSW) theory. This transfor-
mation is driven by diffusion-controlled Ostwald ripening, where the fine, plate like Si 
lamellae, having a higher chemical potential, dissolve, while solute diffuses through the 
α-Al matrix and re-precipitates onto larger particles. This thermodynamically driven 
reduction in interfacial energy results in particle coarsening, rounding, and spheroidi-
zation. The kinetics of this transformation adhere to the LSW coarsening law, confirm-
ing diffusion-controlled growth and resulting in the breakdown of the acicular structure 
into distinct, spheroidized Si particles, as illustrated in Fig. 8.

Subsequent quenching suppresses premature precipitation by retaining solute atoms 
in a supersaturated solid solution. However, during artificial aging, enhanced diffusion 

Fig. 8  (a) Optical micrograph of heat-treated cast AlSi10Mg alloy, (b) SEM image of heat-treated cast AlSi10Mg, (c) 
Area-EDS elemental spectra and composition
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facilitates microstructural stabilization and refinement of the Si phase distribution [43]. 
In the present study, solutionizing heat treatment and aging duration were kept at 540 °C 
for 2 h. As a result, only partial spheroidization of the acicular Si particles is observed, 
indicating a need for longer heat treatment duration to visualize complete spheroidiza-
tion of Si particles. Additionally, because intermetallic phases such as Mg2Si and needle-
like Fe-rich phases exhibit significant thermal stability, heat treatment has little to no 
impact on them.

The microstructure of AM AlSi10Mg that has undergone heat treatment exhibits sig-
nificant differences when compared to the specimen in its as-built state. Specifically, the 
interconnected, fibrous coral-like Si particles transformed into spherical Si particles, dis-
tributed uniformly throughout the Al-matrix, exhibiting varied shapes and sizes. Due to 
an excessive amount of Si, supersaturated α-Al is thermodynamically unstable. Conse-
quently, during solutionizing, surplus Si atoms dissolved in the α-Al matrix are inclined 
to be expelled from the matrix, leading to the formation of fine Si particles distributed 
throughout the α-Al-matrix. Microstructure appears homogeneous, with no significant 
differences noted along longitudinal and transverse cross-sections. Notably, inter-cel-
lular network, laser traces, and HAZ have become indistinguishable, as the columnar 
and “fish-scale” features disappear mainly due to coarsening of Si particles amid heat 
treatment. Figure 9 also shows that the microstructure consists of both coarse and fine 
spheroidized Si particles. This phenomenon occurs because the coarse particles origi-
nate from the Si-rich network at the boundaries of α-Al cells, while the fine particles 
form from fine precipitates [44]. Closer inspection reveals that during solidification, 
Fe-rich needle-like intermetallic phases manifest as particles with an elongated form. 

Fig. 9  Microstructure of T6 heat-treated AM AlSi10Mg with EDS elemental spectra and composition in the (a) Scan 
direction (XY-plane), (b) Build direction (Z-plane)
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Overall, it is noted that the morphological evolution of eutectic Si via., fragmentation, 
spheroidization, and coarsening are time- and temperature-dependent mechanisms. 
Hence further studies are necessary to fully explore these phenomena.

3.3  Analysis of microhardness

Figure 10 presents the average microhardness of as cast and heat-treated AlSi10Mg. An 
average microhardness value of 74–75 HV is measured for the as-cast alloy. Post-heat 
treatment, microhardness of as-cast specimen increases significantly to around 125–127 
HV. This represents a substantial 73% increase in hardness after heat treatment. More-
over, hardness values for a as-cast specimen exhibit no significant variation between the 
top face (X-Y) and side face (Z) due to the uniform microstructure typically achieved 
through the casting process. Due to the consistent cooling rates and solidification pat-
terns, the as-cast alloy shows a homogeneous distribution of phase constituents and 
grain structure. The absence of mechanical anisotropy in cast specimens leads to an 
even distribution of hardness irrespective of the measurement orientation. With the T6 
heat treatment, several critical microstructural transformations occur in cast AlSi10Mg 
alloys. During the solutionizing step, the alloy experiences grain coarsening, fragmenta-
tion, and spheroidization of eutectic Si and dissolution of excess Si into the Al-matrix. 
The primary refinement of the microstructure is due to the alteration and redistribu-
tion of eutectic silicon [5, 11]. The subsequent quenching process rapidly cools the alloy, 
trapping supersaturated solid solution and retaining a high concentration of dissolved 
elements. In the artificial aging stage, controlled precipitation of finely distributed par-
ticles enhances the hardness by inhibiting dislocation movement and refining the micro-
structure. The Mg based intermetallic particles precipitate in a controlled manner, which 
increases hardness and strength by hindering dislocation movement through precipita-
tion strengthening [11, 45]. Intermetallic phases containing Fe and Mn remain mostly 
stable during heat treatment and serve as rigid barriers to plastic deformation [46].

Fig. 10  Average microhardness values for untreated and heat-treated cast and AM AlSi10Mg
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Furthermore, the AM specimens clearly demonstrate higher hardness compared 
to the cast counterparts. The fast solidification and high cooling rates of AM process 
(10³–10⁶ °C/s) are largely responsible for the finer grain structure and uniform disper-
sion of eutectic Si within a supersaturated α-Al matrix, resulting in increased hardness 
[6–8]. Furthermore, Si enhanced solubility in α-Al matrix contributes to solid solution 
strengthening, which hinders dislocation movement. According to the Hall-Petch rela-
tionship, a smaller grain size increases the material’s overall hardness by further prevent-
ing dislocation motion [7, 19].

In contrast to as-built specimen, the average microhardness on the AM part measured 
along the XY-plane decreases from 146 HV to 85 HV after heat treatment, indicating 
a 73% reduction in microhardness following heat treatment. Similarly, after heat treat-
ment, the average microhardness measured along build (Z) direction decreases from 
142 HV to 83 HV, indicating a 71% reduction. This decrease is accompanied by a more 
uniform microhardness distribution across the printed specimen, mainly resulting from 
changes in morphology of eutectic Si particles. Heat treatment breaks down the finer 
cellular structure typical of the as-built material as a result of thermal diffusion. Excess 
Si dissolved in Al-matrix begins to precipitate out, diminishing solid solution strength-
ening effect [18]. Additionally, the eutectic Si undergoes morphological transformation, 
where its initial cellular structure fragments and becomes more spherical (spheroidi-
zation), and coarsens into larger particles. Ultimately, the dislocation networks that 
develop during the rapid solidification phase of the AM process are destroyed, contrib-
uting to a reduction in hardness.

3.4  Machinability analysis

3.4.1  Cutting force

Figure 11(a, b) illustrates the cutting forces measured during milling of both cast and 
AM AlSi10Mg, in untreated and heat-treated conditions. Cutting force consistently 
decreases with increasing cutting speed in all four material states. This trend is attrib-
uted to the adiabatic nature of high-speed cutting, where limited heat dissipation raises 
the cutting zone temperature. The resulting thermal softening reduces material strength, 
lowering cutting resistance and thus the cutting force [48]. Conversely, cutting force 
increases with cutting feed across all samples. With constant cutting speed and cut 
depth, a higher cutting feed increases chip thickness, requiring greater energy to shear 
more material, thereby raising cutting forces [31, 48].

Fig. 11  Cutting force variation for untreated and heat-treated (a) Cast alloy, (b) Printed alloy
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Notably, the cutting force required for milling the as-built AM AlSi10Mg is between 
81% and 160% greater than that needed for its as-cast version. This phenomenon is 
attributed to finer, anisotropic cellular-dendritic microstructure that develops during the 
rapid solidification process in AM. High cooling rates increase silicon solubility in the 
α-Al matrix and promote grain refinement, which enhances microhardness (146 ~ 149 
HV) through Hall–Petch strengthening. This microstructure resists plastic deformation, 
necessitating increased cutting forces because of dislocation accumulation and localized 
strengthening. In contrast, the as-cast AlSi10Mg, with its coarser microstructure and 
lower hardness, exhibits reduced cutting forces. Since the cooling rate during casting is 
slower, it leads to the development of course Si precipitates and a matrix mainly consist-
ing of α-Al and eutectic Al-Si. This composition offers reduced resistance to deformation 
and makes material removal easier.

Heat treatment also significantly influences cutting force. Following T6 heat treat-
ment, cutting force during milling of cast AlSi10Mg increases by approximately 28–60%. 
This rise is attributed to spheroidization of acicular Si particles and the formation of 
Fe- and Mn-rich intermetallic compounds, which collectively enhance the alloy’s hard-
ness after heat treatment. The homogenized microstructure of heat-treated AlSi10Mg, 
along with the Mg2Si precipitates, acts as a barrier to plastic deformation, increasing 
the microhardness and yield strength of the cast material [21, 49]. As a result, more 
energy is required to shear the material, leading to an increase in cutting force. Con-
versely, with the T6 treatment, cutting force reduces by 14 ~ 62% when milling the AM 
AlSi10Mg specimen. Heat treatment transforms the interconnected, fibrous, coral-like 
Si particles into spherical ones uniformly distributed throughout the Al-matrix, thereby 
reducing dislocation pile-up at grain boundaries. Moreover, subjecting the AM material 
to heat treatment induces microstructural changes, that enhances the ductility by reduc-
ing grain boundary-strengthening effects [18, 21]. Consequently, this leads to a decrease 
in cutting resistance, which in turn reduces the cutting force required. Additionally, it 
is observed that even after heat treatment, milling AM AlSi10Mg generates higher cut-
ting forces compared to the cast counterpart, indicating a greater energy requirement 
for machining the AM material.

3.4.2  Machining temperature

Figures 12, 13, 14 and 15 present the temperature maps illustrating how cutting param-
eters influence the machining temperatures in both cast and AM AlSi10Mg specimens, 
whether untreated or heat-treated. Generally, an increase in cutting speed and cutting 
feed leads to higher machining temperatures in all specimens. Rise in temperature at 
elevated cutting speeds is primarily due to a higher deformation rate and reduced cut-
ting time. Increased spindle speed intensifies the rate of plastic deformation, resulting in 
greater heat generation at the cutting interface [50]. Moreover, increased speeds shorten 
the time the tool is in contact with workpiece, limiting heat dissipation and causing 
more heat to accumulate in workpiece, further elevating the temperature. A similar 
trend is noted with increasing feed rates, where the machining temperature rises con-
sistently. This is attributed to the increased uncut chip thickness, which enhances plastic 
deformation and heat production. Additionally, higher feed rates intensify the friction 
between the chip and tool’s rake face, resulting in more heat accumulation in the cutting 
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area [51]. These factors together lead to a gradual increase in machining temperature as 
cutting speed and feed rate rise.

Furthermore, the material processing route and the heat treatment are found to influ-
ence the machining temperature. The maximum machining temperature generated while 
milling the as-cast AlSi10Mg is found to be 9 ~ 48% lower than the as-built AlSi10Mg. It 
can be noted that the maximum machining temperatures are measured while machin-
ing the as-built AlSi10Mg. Elevated machining temperature observed in the as-built 
AlSi10Mg is once again linked to its microstructure and microhardness. Ultrafine 

Fig. 13  Cartographies of the temperature obtained while milling AM AlSi10Mg at a cutting speed and feed of (a) 
25 m·min⁻¹ and 0.06 mm·rev⁻¹, (b) 25 m·min⁻¹ and 0.18 mm·rev⁻¹, (c) 75 m·min⁻¹ and 0.06 mm·rev⁻¹, (d) 75 m·min⁻¹ 
and 0.18 mm·rev⁻¹

 

Fig. 12  Cartographies of temperature obtained while milling cast AlSi10Mg at a cutting speed and feed of (a) 25 
m·min⁻¹ and 0.06 mm·rev⁻¹, (b) 25 m·min⁻¹ and 0.18 mm·rev⁻¹, (c) 75 m·min⁻¹ and 0.06 mm·rev⁻¹, (d) 75 m·min⁻¹ and 
0.18 mm·rev⁻¹
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microstructure, marked by a high concentration of grain boundaries, hinders the move-
ment of dislocations, causing them to accumulate at these boundaries. This phenom-
enon enhances the yield strength and microhardness observed in AM specimens, 
requiring more energy for the material’s plastic deformation, thereby resulting in higher 
machining temperatures. In contrast, the as-cast AlSi10Mg, which primarily features a 
microstructure composed of α-Al rich matrix, displays microhardness and yield strength 
[21] that are considerably lower than those of the printed material. Due to the extremely 

Fig. 15  Cartographies of the temperature obtained while milling heat-treated AM AlSi10Mg at a cutting speed 
and feed of (a) 25 m·min⁻¹ and 0.06 mm·rev⁻¹, (b) 25 m·min⁻¹ and 0.18 mm·rev⁻¹, (c) 75 m·min⁻¹ and 0.06 mm·rev⁻¹, 
(d) 75 m·min⁻¹ and 0.18 mm·rev⁻¹

 

Fig. 14  Cartographies of the temperature obtained while milling heat-treated cast AlSi10Mg at a cutting speed 
and feed of (a) 25 m·min⁻¹ and 0.06 mm·rev⁻¹, (b) 25 m·min⁻¹ and 0.18 mm·rev⁻¹, (c) 75 m·min⁻¹ and 0.06 mm·rev⁻¹, 
(d) 75 m·min⁻¹ and 0.18 mm·rev⁻¹
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ductile behavior, the as-cast AlSi10Mg offered lower resistance to deformation during 
metal cutting, thus lowering the expended energy and the machining temperature.

Impact of heat treatment on maximum machining temperature is evident from 
the machining trials. Except for the samples machined at 25  m·min⁻¹ speed and 
0.06 mm·rev⁻¹ feed, for all other process variable combinations, the temperatures gen-
erated while milling heat-treated cast AlSi10Mg are noted to be 7.6 ~ 19% higher than 
those recorded for as-cast AlSi10Mg. This increase is due to alterations in the micro-
structure and microhardness following heat treatment. The homogenized microstruc-
ture of heat-treated AlSi10Mg, along with the presence of Mg2Si precipitates, serves as 
a barrier to plastic deformation, thereby improving microhardness and yield strength of 
the cast material [21, 49]. As a result, more energy is required to shear the material, lead-
ing to an increase in machining temperature. For instance, when the cutting speed is 
set at 25 m·min⁻¹ and the feed rate is 0.06 mm·rev⁻¹, the highest machining temperature 
for the cast AlSi10Mg sample reaches 63.61 °C, whereas the heat-treated sample shows 
a slightly reduced temperature of 58.11 °C. The higher temperature is due to the more 
severe plastic deformation and friction encountered when milling the as-cast specimens.

In the case of as-built AlSi10Mg, a 9 ~ 14% decrease in the machining temperature is 
noted while milling heat-treated specimens. For AM AlSi10Mg, ultrafine microstruc-
ture, marked by high concentration of grain boundaries, hinders the movement of dis-
locations, leading to their accumulation at these boundaries. This effect plays a role in 
enhancing the yield strength and microhardness. As a result, the material displays a pro-
nounced hardening effect during machining, expending higher energy to shearing the 
material, thus increasing the machining temperature. However, after heat treatment, the 
interconnected, fibrous coral-like Si particles are transformed into spherical particles 
uniformly dispersed within the Al matrix, thereby reducing dislocation pile-up at the 
grain boundaries. As a result, lower energy is needed to plastically deform the mate-
rial, thus lowering the magnitude of the machining temperature. Additionally, the reduc-
tion in microhardness of heat-treated AlSi10Mg promotes smoother chip flow across the 
machining interface, which reduces friction and leads to lower machining temperatures 
compared to untreated AM AlSi10Mg specimens [52].

3.4.3  Surface roughness

In the study, changes in surface texture were quantitatively assessed by measuring sur-
face roughness, considering the influence of cutting parameters only. The influence of 
subsurface microstructural changes and residual stress on the surface texture was not 
explored. Figure 16 demonstrates how cutting parameters influence surface roughness 
during the milling of cast and AM AlSi10Mg, both in untreated and heat-treated states. 
As anticipated, surface roughness increases with higher feed rates, while it diminishes 
with elevated cutting speeds. When feed rates are increased, the tool travels a greater 
distance with each revolution, leading to more widely spaced feed marks that contribute 
to higher surface roughness [53]. Furthermore, the relatively dull peaks seen at lower 
cutting feeds transform into sharper and more pronounced patterns as the feed rises, 
thereby increasing the width and height of surface asperities. Additionally, greater vol-
ume of material is removed in the same timeframe, requiring more energy and force to 
deform the material beyond its yield strength. This rise in cutting force can cause tool 
deflection and vibration, further deteriorating surface quality. Conversely, when cutting 
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speeds are increased, the shorter contact duration between the tool and the workpiece 
facilitates quicker chip removal, contributing to an improved surface finish. Additionally, 
elevated cutting speeds typically result in lower cutting forces, which helps minimize 
tool deflection and vibrations, further improving surface quality.

Moreover, material fabrication route and subsequent heat treatment significantly 
affect the surface roughness after machining. As-cast AlSi10Mg consistently exhibits 
higher surface roughness compared to its AM counterpart. Notably, under low cutting 
speed (25 m·min⁻¹) and feed rate (0.06 mm·rev⁻¹), the as-cast material shows a relatively 
poor surface finish, with a surface roughness of 2.02  μm (Fig.  17(a)). Conversely, at a 
higher cutting speed (75 m·min⁻¹) and feed rate (0.18 mm·rev⁻¹), a noticeable improve-
ment is observed, with surface roughness decreasing to 1.31 μm, as shown in Fig. 17(b). 
The surface finish of the as-cast alloy has been notably affected by its microstructure 
and microhardness, especially at lower cutting feeds and speeds. As detailed in Sect.   
3.1.1 and 3.1.2, as-cast AlSi10Mg primarily features a microstructure with an α-Al rich 
matrix, resulting in lower microhardness of 73.7 HV and reduced yield strength [21] 
when compared to the printed material.

Due to its highly ductile nature, the material experiences significant plastic deforma-
tion, leading to material smearing and subpar surface finish when operating at lower 
feeds and cutting speeds. Moreover, according to Warsi et al. [54], there exists a region 
called ‘avoidance zones’ in the metal cutting process where the machining of soft ductile 
material can exhibit the ploughing phenomenon during the machining operation. Such 
a region occurs when machining the ductile materials at lower feed and speed values. In 
such cases, due to the excessive plastic deformation, the machined surface shows feed 
marks, which are obliterated by the drag marks, resulting in a poor surface finish. Sur-
face finish is also impacted by traces of built-up edge (BUE) adhering to the machined 
surface.

Compared to the as-cast material, AM AlSi10Mg demonstrates a superior surface fin-
ish. At a lower cutting speed (25 m·min⁻¹) and feed rate (0.06 mm·rev⁻¹), surface rough-
ness of 0.33  μm is recorded (see Fig.  17(c)). Even under higher cutting conditions of 
75 m·min⁻¹ speed and 0.18 mm·rev⁻¹ feed, surface roughness remains relatively low at 
0.82 μm (see Fig. 17(d)), which is significantly better than that of as-cast material. This 
improved surface quality is largely attributed to the refined microstructure inherent to 
AM AlSi10Mg. The fine cellular dendritic structure typically formed in AM material 

Fig. 16  Surface roughness variation with process variables for untreated and heat-treated (a) Cast alloy, (b) Printed 
alloy
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affects the machinability. Ultrafine microstructure, characterized by a high density of 
grain boundaries, impedes the movement of dislocations, causing them to accumu-
late at these boundaries. This effect is responsible for the enhanced yield strength and 
increased microhardness (146 ~ 149 HV) observed in AM specimens. During machin-
ing, the AM material exhibits a significant hardening effect, undergoing a shearing pro-
cess that results in uniform feed marks and an excellent surface finish, even at lower feed 
and speed settings.

Fig. 17  3D topography and morphology of milled surfaces in (a-b) As-cast AlSi10Mg, (c-d) As-built AlSi10Mg
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Effect of heat treatment on surface roughness was assessed for both cast and AM 
AlSi10Mg. After undergoing heat treatment, the cast AlSi10Mg exhibited a significant 
improvement in surface finish. Specifically, when machined at a speed of 25  m·min⁻¹ 
and a feed of 0.06 mm·rev⁻¹, surface roughness decreased to 0.62 μm (refer to Fig. 18(a)). 
Under higher cutting conditions of 75  m·min⁻¹ speed and 0.18  mm·rev⁻¹ feed, sur-
face roughness of 1.65 μm was recorded (see Fig. 18(b)). In comparison to the as-cast 
samples, this signifies a decrease in surface roughness ranging from 20% to 69%. The 

Fig. 18  3D topography and morphology of milled surfaces in heat-treated (a-b) Cast AlSi10Mg, (c-d) Printed 
AlSi10Mg
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enhancement is mainly due to microstructural and microhardness changes induced by 
the heat treatment.

As outlined in Sect.   3.2, the needle-like Si lamellae with irregularly faceted shapes 
transform into more spherical and separated particles, thereby homogenizing the micro-
structure of AlSi10Mg during heat treatment. Furthermore, the Mg2Si precipitates 
within the material impede plastic deformation, leading to an increase in microhardness 
(127.4 HV) and yield strength of cast alloy [21, 47]. The morphology and topography 
reveal distinct feed marks without any smear marks, signifying a clear shift in material 
removal mechanism from ploughing to shearing. Additionally, presence of hard phases 
reduces the ductility, encouraging chip brittleness and breakage, which subsequently 
improves the surface finish.

However, surface roughness increases when milling heat-treated AM AlSi10Mg. At a 
cutting speed of 25 m·min⁻¹ and a feed of 0.06 mm·rev⁻¹, heat-treated AM samples show 
an average surface roughness of 0.42 μm, as illustrated in Fig. 18(c). If cutting speed is 
raised to 75 m·min⁻¹ and the feed rate to 0.18 mm·rev⁻¹, the surface roughness rises to 
1.09 μm, as depicted in Fig. 18(d). This indicates a 21–25% increase in surface rough-
ness after heat treatment compared to as-built AlSi10Mg. This change is attributed to 
fragmentation and spheroidization of the coral-like fibrous Si structures in the AM 
AlSi10Mg [7, 21]. As eutectic network breaks down, the material experiences a reduc-
tion in both elastic modulus and yield strength [11]. Also, the microstructure coarsen-
ing lowers the microhardness (82.6 ~ 84.9 HV) and enhances the ductility of AlSi10Mg. 
Consequently, the lateral flow of material increases, leading to greater surface roughness 
in the heat-treated AM specimen.

3.4.4  Chip morphology

The chips generated during machining can reveal the material’s machinability and offer 
important insights into cutting force, specific cutting energy, tool wear, and surface fin-
ish. It can also help determine the optimal machining conditions, which can ensure a 
stable and efficient cutting process. Figure 19 illustrates the chip morphologies obtained 
during the milling process of cast AlSi10Mg, both in its original as-cast state and after 
undergoing heat treatment. A difference in the chip morphology is observed for similar 
cutting conditions based on the material type (fabrication route) and heat treatment. As-
cast AlSi10Mg produces very long and continuous chips with signs of material adhesion 
(see Fig. 19(a), indicating the formation of BUE at the cutting edge of the tool, as shown 
in Fig. 20 (a, b). The generation of long, continuous chips is attributed to the lower hard-
ness and higher ductility exhibited by the as-cast material. Due to the ductile nature of 
the material, the material underwent ploughing, resulting in material smearing and BUE 
formation, thereby deteriorating the surface finish. However, the chips formed while 
milling AM AlSi10Mg are fragmented and curly, as shown in Fig. 19(b). Higher hardness 
of AM AlSi10Mg contributed to the brittle behavior of the material, resulting in chip 
fragmentation. As a result, AM material produces a very good surface finish without any 
BUE formation.

Moreover, the chip morphology of cast AlSi10Mg is significantly affected by heat 
treatment. As shown in Fig.  19(c), there is a clear decrease in chip length in heat-
treated cast AlSi10Mg. The T6 heat treatment process improves the microstructure 
and increases hardness by ensuring a more even distribution of Si. This enhanced the 
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chip embrittlement and breakability, reducing the size and length of the chips pro-
duced. Additionally, a significant reduction in chip adhesion and BUE is observed. Con-
sequently, the surface finish of T6 heat-treated AlSi10Mg is superior to that of as-cast 
material under similar cutting conditions. Figure 19(d) shows the chip produced while 
milling AM AlSi10Mg subjected to heat treatment. In case of AM AlSi10Mg, heat treat-
ment has a negligible effect on the chip morphology. The chips produced while mill-
ing as-built AlSi10Mg are comparable in size and length to the chips produced when 
milling heat-treated AlSi10Mg. Heat treatment eliminated lattice defects and increased 
grain size in AM AlSi10Mg, thereby enhancing its ductility. However, this had a neg-
ligible influence on the chip size. Overall, it can be noted that the chip morphology is 
dependent on material fabrication route and the heat treatment cycle to which the mate-
rial is subjected.

Fig. 20  Built-up edge (BUE) observed at the (a) End cutting edge, (b) Peripheral cutting edge of the end mill while 
milling as-cast alloy

 

Fig. 19  Morphology of chip obtained while milling (a) As-cast AlSi10Mg, (b) As-built AlSi10Mg, (c) Heat-treated 
cast AlSi10Mg, (d) Heat-treated printed AlSi10Mg
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4  Conclusions
This research explored microstructure, microhardness, and machinability of cast and 
additively manufactured AlSi10Mg, as well as impact of T6 heat treatment on these 
responses. Results are summarized as follows.

 	• The as-cast AlSi10Mg exhibited a microstructure consisting of dendritic primary 
α-Al and a lamellar eutectic structure made up of α-Al and Si. In contrast, the AM 
material showed a refined cellular dendritic structure with a fibrous network of 
eutectic Si defining the cell walls.

 	• In both cast and AM AlSi10Mg materials, due to T6 heat treatment, the Si 
underwent fragmentation due to the heat treatment, followed by spheroidization 
and coarsening. Nevertheless, the Si particles in the heat-treated AM AlSi10Mg were 
more refined and exhibited greater spheroidization compared to those in the cast 
version, indicating a significant influence of the solution treatment and aging time on 
spheroidization and coarsening.

 	• The AM material exhibited a hardness ranging from 142 to 146 HV, which was 
greater than that of the as-cast material, measured at 74 HV. Nonetheless, heat 
treatment significantly increased the hardness of the cast material, resulting in a 73% 
rise compared to the untreated version. In contrast, the AM material experienced 
a reduction in hardness by 71 to 73% following heat treatment. This variation in 
microhardness is linked to the microstructural changes that occur in both the cast 
and AM AlSi10Mg after undergoing heat treatment.

 	• The cutting force recorded while milling as-built AM material was 81 to160% higher 
than its as-cast counterpart. However, after heat treatment, the cutting force for cast 
material increased by 28–60% as compared to the as-cast state. In the case of the AM 
material, a 14 to 62% reduction in the cutting force was noted when milling the heat-
treated AM material.

 	• The maximum machining temperature observed during milling of the AM material 
was 9–48% higher than that of the cast material. Following heat treatment, changes 
in microstructure and microhardness led to a 7.6–19% increase in machining 
temperature for cast AlSi10Mg. In contrast, the heat-treated AM material showed a 
9–14% reduction in machining temperature compared to as-built material.

 	• The highest surface roughness was found when machining as-cast material, whereas 
a superior surface finish was noted in untreated AM material. Under identical 
machining conditions, surface roughness of the as-cast material was between 50% 
and 551% greater than that of as-built AM material. However, after heat treatment, 
surface roughness of cast material decreased by 32–264%, whereas the AM material 
exhibited a 10–26% increase in surface roughness compared to as-built material.

 	• Longer chips were observed when milling cast specimens, while shorter chips were 
generated when milling the AM material. Heat treatment reduced chip size for the 
cast material, whereas no significant change was observed in the AM material.
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