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A B S T R A C T

This study aims at assessing the effect of solution heat treatment (at a temperature just below the eutectic
temperature) followed by various cooling rates on the microstructure and mechanical properties of additively
manufactured AlSi10Mg and the cast counterpart. The mechanical properties were evaluated using a depth-
sensing nanoindentation platform. The cast and additively manufactured parts were solutionized at 540 �C for
2 h followed by water quenching, air cooling, and furnace cooling. Results show extensive microstructural
changes (e.g. size and morphology of eutectic-silicon phase) and evolutions in the mechanical properties of the
heat-treated materials relative to the as-printed and as-cast ones. Besides, the microstructure and micro-
mechanical properties of the materials broadly alter the cast and additive manufacturing conditions. Depending
on the cooling condition, the mentioned cooling cycles directly affect the morphology of eutectic-silicon in both
cast and additive manufactured materials starting with silicon fragmentation, then followed by silicon spher-
oidization, and silicon coarsening. The microstructural evolution affects the local micromechanical properties of
the studied materials. The results of this study provide insights into the control of microstructure and hence
mechanical properties of AlSi10Mg alloy by addressing suitable heat treatment cycles. This study, for the first
time, assesses and compares the effect of various post-fabrication cooling rates in the cast and additive
manufacturing conditions in an AlSi10Mg alloy.
1. Introduction

The Al–Si–Mg cast alloys, having low density combined with good
mechanical properties, excellent castability, and heat-treatable capa-
bility, are particularly suitable for manufacturing large structural com-
ponents as well as thin parts in a wide range of applications including the
aerospace and automotive industries to a variety of engineering parts
[1–4]. Among this alloy family, AlSi10Mg is a hypoeutectic alloy that can
be additively manufactured due to its narrow solidification range which
reduces the hot cracking susceptibility during cooling [5–7]. The main
advantage of additively manufactured aluminum alloys, as compared
with the cast counter material with dendritic microstructure, is superior
mechanical and formability properties thanks to refined grain structure
u (M. Haghshenas).
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(due to very high solidification rate) [8]. When it comes to the additive
manufacturing of aluminum alloys, and particularly AlSi10Mg as an alloy
receiving the most attention, complex bulk, and open-cell structures with
great strength ratio (strength-to-weight ratio) and acceptable formability
can be manufactured. Besides, most of the cast AlSi10Mg alloys must be
post-machined to achieve the desired surface finish and final dimensions;
this extra processing would be eliminated, especially for hard-to-machine
(or hard-to-deform) aluminum alloys when considering additive
manufacturing as a fabrication direction. The main challenges of the
laser-based powder additive manufacturing processes [8,9] in the fabri-
cation of AlSi10Mg alloy are powder-related issues (e.g. high reflectivity,
high thermal conductivity, and low laser absorptivity), process-induced
defects (epitaxial growth of grains, porosity, lack of fusion, and
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Fig. 1. Optical micrographs of (a) as-cast, (b) as-printed AlSi10Mg.
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inclusions) and residual stress produced by the sharp thermal gradient of
the laser-based additive manufacturing processes.

Among various metal additive manufacturing techniques, selective
laser melting (SLM) has become a robust metal additive manufacturing
method offering fast, reliable, and cost-effective production of complex,
completely dense metal parts [10–12]. Also, conventional metal
manufacturing processes (e.g., casting, forging) may not even be capable
of producing parts in some cases, that can be produced using SLM [13].
The microstructure of the cast AlSi10Mg is noticeably different from the
SLM parts [14]. The casting process greatly influences the
2

microstructural features such as the morphology and size of eutectic
silicon and intermetallic compounds (primaryMg2Si particles and Fe-rich
intermetallic phases) and thus plays a vital role in the mechanical
properties of the alloy. Due to the slow cooling rate in the traditional
AlSi10Mg casting processes, the solid solution of silicon in aluminum
disintegrates and precipitates in a relatively coarser form. Along with
dispersed primary α-Al, the aluminum matrix is surrounded by a
continuous eutectic structure of Al and Si [12] where some intermetallic
compounds also exist, and overall a dendritic microstructure is obtained.
Ductility and strength, as well as machinability of the alloy, is



Fig. 2. (a) EBSD unique color grain map, (b) SEM micrograph, and (c) STEM-BF micrograph of SLM AlSi10Mg superimposed with the EDS elemental maps of Al, Si, Fe,
and Mg, and (d) the individual element maps. Dashed squares in (c) show the entangled network of dislocations.
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significantly affected by the eutectic Al þ Si phase present in the
microstructure [15–17].

On the other hand, due to repeated ultra-fast cooling and solidifica-
tion throughout the SLM process, the additive manufactured (as-built)
AlSi10Mg parts consist of a fine network of Si particles inside the
aluminum matrix, and mechanical properties of the alloy get enhanced
by the modification occurring in the eutectic silicon phase [2,18]. The
ultrafine microstructure of SLM AlSi10Mg is characterized by cellular
α-Al phase and fibrous Si particles and is responsible for higher hardness
and tensile strength of the parts [19–23]. The fibrous Si network around
the Al matrix is formed by the ejection of the Si particles during the high
cooling rate (103–106 �C/s) of the SLM process [24,25]. The extremely
fine microstructure and the consequent high volume of grain boundaries
serve as main factors toward limiting the dislocation motion and,
therefore, enhancing the mechanical performance of the AM parts [14,
20].

AlSi10Mg is a heat treatable alloy meaning that the heat treatment
modifies the microstructure of the material; the most common heat
treatment on AlSi10Mg is the T6 heat treatment consisting of solution
treatment, quenching, and artificial aging. This is typically performed on
AlSi10Mg alloys for desirable modification of microstructure and me-
3

chanical properties [26–29]. Modification of coarse and acicular Si phase
(spheroidization), homogenization of the composition, and disintegra-
tion of dissolvable phases containing Mg or other trace elements are
directed by solution heat treatment [30]. Quenching preserves the high
temperature solutionized phase at ambient conditions and inhibits the
precipitation. Aging uniforms the distribution of precipitates and other
segregated solute atoms which results in the strengthening of the alloy
[31]. Precipitation and coalescence of the Si particles occur during so-
lution heat treatment which reduces the concentration of Si in the Al
matrix and influences mechanical properties [32]. However, the cast and
SLM AlSi10Mg follow two opposite trends (in terms of hardness) upon
heat treatment. The T6 heat treatment increases the hardness of the
components produced through casting whereas, for the AM components,
the hardness value at as-built condition is not exceeded for any of the
combinations of temperature and time applied [33,34]. In the case of
SLM AlSi10Mg, aging the as-built material (without solution heat treat-
ment) results in strength enhancement through the formation of more
stable nanosized Si precipitates [35]. Such behavior is because of the
extremely fine microstructure of the AM components, which implies a
high density of grain boundaries, that inhibits the dislocation motion and
results in higher material hardness [27]. After the treatment at high



Fig. 3. Optical micrographs of various heat-treated cast AlSi10Mg, (a) water
quenched (WQ); (b) air cooled (AC); (c) furnace cooled (FC).

Fig. 4. Optical micrographs of various heat-treated SLM AlSi10Mg, (a) water
quenched (WQ); (b) air cooled (AC); (c) furnace cooled (FC).
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Fig. 5. The SEM micrographs of (a) cast AlSi10Mg, and (b) SLM AlSi10Mg with a fibrous network of silicon phase.

S.I. Shakil et al. Results in Materials 10 (2021) 100178
temperature, the fine-grained microstructure of AM components is lost
and the Si particles get coarsened. Due to the coarsening of the micro-
structure at high temperatures, the number of grain boundaries de-
creases, and dislocation motion accelerates resulting in the drop in
hardness values (for AM components) [27,33]. In the case of cast
AlSi10Mg, diffusion of Si atom occurs during solutionizing and causes
fragmentation and spheroidization of the particles of eutectic Si [36,37].
Because of the high thermal stability of the intermetallic phases (Mg2Si
and needle-like Fe-rich intermetallic phases) present in the microstruc-
ture of the cast alloy, solution treatment may not change such phases. But
the size of those intermetallic particles becomes smaller upon T6 treat-
ment [38]. While in the case of their SLM counterpart, these particles go
5

through coarsening and reach a diameter of some micrometers [22].
Also, the eutectic Si network structure developed along the α-Al cell is
broken, which leads to the opposite trend in terms of hardness of cast and
SLM AlSi10Mg. However, the precipitation and coalescence of the Si
particles can be controlled toward obtaining the desired mechanical
properties by adopting a specific heat treatment for exploiting the po-
tentialities of this alloy at best.

Although both cast and SLM AlSi10Mg are extensively studied ma-
terials, most of the published studies are focused on conventional heat
treatment and macro-scale mechanical testing. Moreover, there is no
such study that involves comparison and investigation of microstructure
and small-scale mechanical properties of as-cast, as-built, and heat-



Fig. 6. The SEM micrographs of water quenched (WQ) samples, cast (a, b) and SLM (c, d), at two different magnifications. As seen, most of the eutectic Si networks are
broken into fine Si particles that are dispersed more uniformly in the Al matrix. The yellow arrows show the aspect ratios (AR) for a rod-like Si and a spheroidized
Si particle.
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treated counter samples. The objectives of the study are to assess and
compare the effect of various heat treatments (solutionizing followed by
cooling at different quenching media) on the microstructure and micro-
mechanical properties of cast and SLM AlSi10Mg. In doing that,
morphology and distribution of eutectic Si within the microstructure of
as-cast, as-built, and heat-treated counter samples were assessed
employing optical and scanning electron microscopy. Small-scale me-
chanical properties were evaluated employing the depth-sensing nano-
indentation technique. This study involved solution heat treatment on
both cast and SLM AlSi10 Mg at 540 �C for 2 h followed by water
quenching, air cooling, and furnace cooling. This heat treatment allowed
us to track the microstructure andmechanical property evolution from an
extremely high cooling rate to a low cooling rate. This is extremely
important as microstructural features such as morphology, size, and
distribution of eutectic Si and intermetallic particles are significantly
influenced by cooling rates which ultimately make changes in mechan-
ical property. Small-scale mechanical property assessment and compar-
ison of the as-built and heat-treated cast and SLM samples at various
cooling rates made this study unique and a thorough analysis of
AlSi10Mg alloy.

The results presented in this work can be used for comprehensive
assessments on the correlation between microstructural states of non-
equilibrium alloy conditions and their mechanical performance in
future work. With a detailed understating of microstructural changes
upon cooling at various media, proper heat treatment parameters can be
derived to control the microstructure (and mechanical properties) and
thus produce well-controlled material conditions. A comparison of these
6

states between SLM and cast conditions will allow the investigation of the
mechanical strength of the as-fabricated microstructure and cooling-
induced precipitates with different morphologies. Accordingly, evi-
dence of vigorous strengthening mechanisms can be obtained to improve
plasticity models.

2. Experimental procedure

The cast and additive manufactured (SLM) AlSi10Mg samples were
provided by Goodfellow USA and Carpenter Additive, respectively. The
samples were firstly solutionized at 540 �C for 2 h in a bubbling fluidized
bed containing alumina particles (Techne FB-08 Series Precision Fluid-
ized Bath) where temperature stability and uniformity for heat treatment
are well controlled. This is then followed by cooling at different media
including water (water quenched, WQ), air (air-cooled, AC), and furnace
(furnace cooled, FC). To reveal the microstructure, the samples were
prepared through a standard metallography procedure (including me-
chanical grinding and polishing) and etched in a Keller’s reagent (2.5%
HNO3, 1.5% HCl, 1.0% HF, 95.0% distilled water).

The SLM AlSi10Mg sample was studied using electron backscatter
diffraction (EBSD) and transmission electron microscopy (TEM) to
analyze the details of the microstructure at different length scales. The
details of sample preparation and analyses have been reported in
Ref. [39]. EBSD measurements were performed in a high-resolution field
emission gun scanning electron microscope (FEG-SEM) (of type FEI
QUANTA™ 450) on a 1000� 1000 μm2 region with a step size of 1 μm to
obtain the local crystallographic orientations. The diffraction patterns



Fig. 7. The SEM micrographs of air-cooled (AC) samples, cast (a–b) and SLM (c–d), at two different magnifications.
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were collected using the TSL® OIM data collection software and were
post-processed using the OIM data analysis software. The crystallo-
graphic textures were calculated by the harmonic series expansion
method with a truncation of L ¼ 16 and a Gaussian-Half-Width of 5�.

An FEI Tecnai Osiris TEM equipped with a 200 keV X-FEG gun was
used to conduct the TEM analyses. The Super-EDS X-ray detection system
combined with the high current density electron beam in the scanning
mode (STEM) was also utilized to analyze the precipitates. Spatial reso-
lutions in the order of 1 nm were obtained during EDS elemental map-
ping by using a sub-nanometer electron probe.

To extract the small-scale mechanical properties of the as-built (cast
and additively manufactured) and heat-treated sample, an instrumented
indentation platform, an iMicro nanoindenter (KLA), equipped with a
self-similar pyramidal diamond Berkovich indenter (tip radius 100 nm)
was used. The instrumented indentation is considered a semi-destructive
testing method and offers a fast, precise, and robust procedure to
determine the local mechanical properties of materials [40]. In this
study, constant load indentation experiments were performed with a
peak load of 400 mN, a load rate of 10 mN/s, and a dwell time of 2 s.
Corresponding indentation hardness, young’s modulus, and load-depth
data for each sample were extracted from the system and analyzed
employing the Oliver-Pharr method [41]. Optical and scanning electron
microscopy was carried out using a Keyence VHX-600 Digital Microscope
and a Hitachi S-4800 UHR Scanning Electron Microscope (SEM),
respectively, to link the evolution in microstructural features with the
differences in mechanical properties.
7

3. Results

3.1. Microstructural observations

Fig. 1 presents the optical microstructure of cast and SLM AlSi10Mg
alloy, respectively. The two considered processes (casting and SLM) lead
to completely different microstructures and this is due to drastically
different cooling rates and solidification conditions governing each
process. In the case of the as-cast alloy, a dendritic structure is revealed in
Fig. 1a. The α-Al phase surrounded by the acicular eutectic Si particles
mainly featured the microstructure in the as-cast condition. For the SLM
counterpart, the microstructure consists of overlapped melt pools
(Fig. 1b), which is due to the progressive laser rastering which causes
melting and solidification of successive layers of materials. Inside the
melt pools, a very fine dendritic structure of the α-Al matrix bounded by
the eutectic Si phase developed. The dendrites possess a columnar
structure due to the unidirectional heat transfer during the solidification.
These dendrites mainly developed in the building direction. The fast
cooling rates during the SLM process resulted in the development of a
very fine structure and a substantial difference between the cast and SLM
microstructures. An important characteristic of SLM AlSi10Mg is the
evolution of a hierarchical microstructure in this material due to the
unique solidification conditions that occurred in the SLM process [39]. In
a hierarchical microstructure, different features exist at different length
scales. To better analyze these features, in addition to optical microscopy,
the finer details of the microstructure were studied using SEM and EBSD
on a micro-scale, and TEM in a nanoscale. Fig. 2a is the EBSD unique
color grain map of the SLM AlSi10Mg, where columnar grains developed
along the building direction are observed. The grains possess the same



Fig. 8. The SEM micrographs of furnace cooled (FC) samples, cast (a–b) and SLM (c–d), at two different magnifications.
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columnar morphology as the dendrites, however, their size is at least one
order of magnitude larger than the dendritic structure, as shown in
Fig. 2b. The nano-scaled details of the microstructure inside a melt pool
are presented in Fig. 2c, where Si precipitates are dispersed in the matrix.
Fig. 2d shows the individual elemental maps. Moreover, an entangled
network of dislocations developed in the matrix is observed (see dashed
boxes in Fig. 2c). These dislocations interact with both the Si precipitates
and the eutectic Si in the melt boundaries. These microstructural features
enhance the strength of the SLM AlSi10Mg material through Hall-Petch,
Orowan, and dislocation hardening mechanisms [39,42].

Figs. 3 and 4 show the microstructure of heat-treated cast and SLM
AlSi10Mg alloys, respectively. The heat treatment process homogenized
the as-cast structure, changed the morphology of eutectic silicon, and
dissolved intermetallic phases within the matrix. For the cast alloy, the
distribution of Si particles in the aluminummatrix is non-uniform and the
acicular eutectic Si particles disintegrated and rounded upon solutio-
nizing at 540 �C (Fig. 3a–c) through the Ostwald ripening mechanism
[43]. In the present study, Ostwald ripening is indeed due to a solid-state
diffusional growth of the eutectic-Si particles which is a thermodynam-
ically driven spontaneous process. That is, smaller particles are less
energetically stable than the larger particles and this is because the
well-packed (ordered) internal atoms are more stable than the surface
atoms. A lower energy state is achieved when large particles, with their
lower surface to volume ratio and therefore lower surface energy asso-
ciated with the interface between the silicon particles and the Al matrix,
are present within the structure. Therefore, atoms on the surface of small
particles tend to detach and diffuse toward the surface of larger particles.
Therefore, the number of smaller particles continues to shrink, while
larger particles continue to grow.
8

For the SLM counterparts, the heat treatment process resulted in a
more uniform distribution of Si particles in the aluminum matrix
(Fig. 4a–c). Fig. 5 clearly shows the differences in the as-cast and as-built
AlSi10Mg microstructures. The size of the eutectic-silicon is tangibly
coarser in the cast material as compared with the SLM counterpart. Be-
sides, the SLM alloys consist of a cell structure as seen in the high
magnification inset in Fig. 5b. The solidified melt pools of the as-built
sample show a fish scale pattern (see Fig. 1b) that is inherent to the
high solidification rate of the SLM process. The solidification rate and the
thermal gradient are the two main parameters in defining cellular
structure associated with most SLM processes [44]. In other words, the
very fine cellular microstructure is due to the high thermal gradients and
cooling rates of the SLM process. The cellular network consists of fibrous
eutectic Al/Si along the cell boundaries of the supersaturated Al solid
solution matrix. It is worth noting that in the SLM process, due to very
high heat flow along the Z-orientation, the solidification of the columnar
cells occurs in the Z-direction. For AlSi10Mg ally, with a face-centered
cubic (FCC) crystalline structure, the FCC crystals prefer to grow in the
<100> direction [45].

Figs. 6–8 show the SEM micrographs of the cast and the SLM mate-
rials that are all solutionized at 540 �C for 2 h, then cooled at different
rates (e.g. using different cooling media). Solutionizing the cast
AlSi10Mg resulted in substantial growth of the Si particles as a result of Si
diffusion and particle coalescence (Ostwald ripening). Moreover, the
cooling condition affected the morphology of Si precipitates. While the
WQ sample consists of mainly acicular Si particles, more sphericity of the
Si precipitates was achieved in the AC and FC samples. Such a change in
the morphology is due to the longer exposure time to high temperatures
which led to the reduction in surface/volume ratio. On the other hand,



Fig. 9. EBSD IPF maps of cast AlSi10Mg materials; (a) as-cast, (b) WQ, (c) AC, and (d) FC.
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the structure of the Si precipitates, and eutectic Si walls significantly
changed in the SLM AlSi10Mg after heat treatment. The eutectic Si walls
completely vanished and dispersed Si precipitates evolved in the
microstructure. By changing the cooling condition from WQ to FC, the Si
particles coarsened. Nevertheless, the size of the Si particles in the cast
AlSi10Mg is larger than that in the SLM AlSi10Mg after identical heat
treatment cycles.

Something that can be noticed from Figs. 6–8 is the changes in the
aspect ratio (AR), the ratio of major axis length to minor axis length [46],
of the eutectic silicon particles upon solution treatment followed by
cooling at different media. We assume the AR of a sphere and a rod-like
fiber to be 1 and> 1, respectively. The transformation from a fibrous-like
Si particle to near-spherical Si particle results in an aspect ratio close to 1
(see the yellow arrows in Figs. 6–8). That is, the aspect ratio distribution
of the eutectic-Si particles is further crooked to smaller values repre-
sentative of near-equiaxed Si spheres. This is due to the loss of the
interconnection of the eutectic phases followed by spheroidization of the
disintegrated rod-like Si particles.

Further analysis of the effect of heat treatment on the microstructure
of the samples, specifically the grain structure and microtexture, was
conducted using EBSD. The EBSD IPF maps of the cast and SLM samples
in the as-fabricated and heat-treated conditions are shown in Figs. 9 and
10. The IPF maps have been superimposed with the grain boundary (GB)
maps. The as-cast AlSi10Mg represents a typical dendritic structure,
where both the primary and secondary dendrite arms are visible as high
angle grain boundaries. However, the microtexture does not alter
9

between the secondary arms inside a dendrite, referring to the IPF map.
Heat treatment of the cast AlSi10Mg, regardless of the cooling condition,
resulted in the dissolution of the secondary dendrite arms and evolution
of an equiaxed grain structure. In the heat-treated cast AlSi10Mg sam-
ples, a large grain structure with a random texture is observed. The grain
structure and microtexture of SLM AlSi10Mg (Fig. 10) are different from
those of the cast counterpart since the rapid and directional solidification
resulted in the evolution of fine columnar grains, developed along the
building direction. Some fine equiaxed grains are mainly developed over
the melt pool boundaries due to partial remelting of the solid substrate.
Referring to the EBSD IPF and GB maps, the heat treatment did not alter
the microstructure and texture of the SLM AlSi10Mg material. The
texture of SLM AlSi10Mg was further analyzed by developing the (001)
pole figures (since (001) is the easy growth direction in the FCC metals)
and the results are shown in Fig. 11. The common<001>//z (z: building
direction) is observed in the SLM AlSi10Mg material, where the heat
treatment did not have a significant effect on it.

3.2. Micromechanical characterization

To assess the small-scale properties, indentation experiments with
five repeats are conducted on each material condition and average values
are reported. Fig. 12 shows the representative indentation load (P) versus
indentation depth (h) curves for as-fabricated (cast and SLM) and heat-
treated AlSi10Mg materials obtained under a constant load of 400 mN.
For the cast materials, Fig. 12a, the indentation depth is the least for the



Fig. 10. EBSD IPF maps of SLM AlSi10Mg materials; (a) as-built, (b) WQ, (c) AC, and (d) FC.
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water quenched sample and the as-cast structure shows the second-least
depth. This shows that, among the cast samples, the WQ and the FC ones
are the hardest and softest materials, respectively. The main reasons
behind such a trend are extensively discussed in section 4.2 of the present
paper.

For the SLM material, Fig. 12b, under a constant load, indentation
depth for the as-printed sample is the least while upon heat treatment
(solutionizing and cooling with different rates), indentation depth in-
creases with a decrease in the cooling rate, confirming that the materials
become softer. WQ sample (among cast materials) and as-built sample
(among the SLM materials) are the ones with the highest strength
(hardness). Among three different heat-treatments, furnace cooling
involved the slowest cooling and resulted in the highest depth of pene-
tration (h) in both cast and SLM samples. This means that the materials
are in the softest state when cooled inside the furnace with a very low
cooling rate. Besides, under a constant load, the overall indentation
depth in the cast samples (as cast and FC states) is higher than the SLM
materials in the same state. This is further depicted in Fig. 13a in terms of
hardness which shows that the as-built material is harder than the as-cast
counter material which is attributed to the fine cellular structure of the
SLM material. However, post-solutionizing cooling at various rates
significantly altered the strength of the materials; i.e. for the WQ and AC
states, the strength of cast materials significantly improved and exceeded
the SLM counter materials. Considering the standard deviation, the dif-
ferences of reduced modulus values for the SLM samples and the cast
materials are not very sharp though the modulus of the SLM materials is
10
higher than that of the cast samples and follows a relatively constant
trend with different heat treatment cycles.

Employing a self-similar pyramidal (Berkovich) indenter, the inden-
tation hardness (stress) can be calculated from Eq. (1) [47–49]:

σind ¼ P

24:5ðhþ 0:06RÞ2 (1)

where P is the indentation load (mN), h is indentation depth (nm), and R
is the indenter tip radius (100 nm for the indenter used in this study).
Fig. 14 shows the indentation stress versus indentation depth for the cast
and the SLMmaterials in the as-fabricated and heat-treated conditions. A
clear indentation size effect (ISE), an increase in the indentation stress
with a decrease in the indentation depth, is observed.

The elastic-plastic quantitative analyses were performed on the data
produced by the nanoindentation system. The plasticity index (ψ) pro-
vides insights into the elastic and the non-elastic (either plastic or
viscoelastic) response of a material. The Ψ describes the relative plastic/
elastic behavior of the material effectively when it undergoes external
stresses [50,51]:

Plasticity Index; ψ ¼A1 � A2

A1
(2)

where A1 is the area under the loading section and A2 is the area under
the unloading section of the load-displacement curve. The irreversible or
plastic work during the nanoindentation test is indicated by the



Fig. 11. (001) EBSD pole figures of SLM AlSi10Mg materials; (a) as-built, (b) WQ, (c) AC, and (d) FC.
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difference between A1 and A2. The value of plasticity index (ψ) should be
between 0 and 1, where fully elastic behavior of the material is charac-
terized by ψ ¼ 0, fully plastic behavior is characterized by ψ ¼ 1, and
elastic-plastic response is considered when 0<ψ < 1. In this study, all the
nanoindentation tests were performed using the same indenter and the
plasticity index can be written as:

ψ ¼ hm � he
hm

¼ hr
hm

(3)

where hm is the maximum indentation depth and he is the elastic
reversible indentation depth which is obtained from the load-
displacement curve recorded during the nanoindentation test. The re-
sidual depth in the nanoindentation test is indicated by the difference
between hm and he.

Fig. 15 presents the changes in the value of the plasticity index (ψ) in
the as-fabricated (as-cast & as-built) and heat-treated AlSi10Mg alloys.
The highest values of the plasticity index (ψ) are found at the FC con-
dition for both cast and SLM samples. A higher value of plasticity index
(ψ) indicates that the plastic work done during the nanoindentation is the
largest for the FC condition where plastic deformation imposed by the
indenter can happen to a larger extent since the material is softer in the
FC state.

Indentation hardness and reduced modulus can be used as proximity
for the wear resistance based on Eq. (4) [52,53]. Fig. 16 presents the
changes in wear resistance index (WRI) of the cast and SLM AlSi10Mg
upon heat treatment which is determined using Eq. (4).

WRI¼H3

E2
r

(4)

As seen in Eq. (4) there is a direct relationship between the WRI and
the indentation hardness. The FC state indicates the least WRI since it is
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the softest structure among others.

4. Discussion

For the AlSi10Mg alloys produced by casting and/or additive
manufacturing, thermal treatment is an important post-fabrication step
as it can be used to tailor mechanical properties and microstructure
properly. For instance, a common heat treatment in cast Al–Si alloys is
solution treatment, at a temperature just below the eutectic temperature
for long enough to allow solutionizing of the second phases and alloying
constituents, followed by quenching, to maintain a homogeneous su-
persaturated structure at ambient temperature, and artificial aging at
intermediate temperatures. This heat treatment cycle results in the for-
mation of precipitates in the matrix which affects the mechanical
strength of the alloy. The objective of this paper is not to assess the aging
of the cast and SLM AlSi10Mg but to discuss the effect of various cooling
rates after solutionizing, soaking for 2 h at 540 �C, in different media
(water, air, furnace) on microstructure evolutions and micromechanical
characterizations of the alloys.

4.1. Microstructural characterization

Upon proper solutionizing, the alloy constituents and second phase
particles would be dissolved in the aluminum matrix as much as possible
while the size and morphology of rod-like eutectic-Si would change. The
latter includes fragmentation or dissolution of the eutectic silicon
branches and spheroidization of the separated branches. This morpho-
logical transformation of the eutectic silicon is a consequence of the
surface and bulk diffusion of Mg and Si elements into the matrix [54].
Because of the interface defects between eutectic Si and aluminummatrix
(e.g. necking, sharp tips, and corners of eutectic-silicon fibers), the
required chemical potential gradient is formed to induce the surface



Fig. 12. Representative load-depth curves (a) cast, (b) SLM AlSi10Mg.

Fig. 13. Evolution of indentation hardness (a) and reduced modulus (b) for the
cast and SLM conditions.
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diffusion. Therefore, the coarse eutectic silicon fibers separate into
smaller segments (fragmentation), and then spheroidize and coarsen. The
spheroidization of the fragmented Si particles is thermodynamically
spontaneous as the systems strive to reduce the surface energy under the
synthetic effects of surface curvature and temperature. When enough
time and temperature are provided to the system, based on Ostwald
ripening, many Si atoms diffuse and adhere to the surface of larger par-
ticles therefore small Si particles eventually disappear while large Si
particles further coarsen. According to the literature, solutionizing at
540 �C for 2 h provides the optimum condition for the spheroidization of
Si particles [54]. It is worth mentioning that the course Si particles are
not necessarily spherical but exhibits facet characteristics and this is
because of the preferred growth orientation of Si particles, <112> di-
rection on {111} planes [55].

Based on Figs. 6–8, the Si-particles in the heat-treated SLM materials
are finer and further spheroidized compared with the heat-treated cast
counter materials. This is closely associated with the solidification
cooling rate and therefore the starting microstructure of the cast and SLM
materials. The high solidification rate, as what occurs in SLM AlSi10Mg
material, can accelerate the spheroidization of eutectic Si particles during
the subsequent solution treatment [56]. That is, in the SLM conditions,
due to the higher cooling rate, the dendritic size is finer and subse-
quently, the diffusion distance is shorter. This results in the fragmenta-
tion (disintegration) stage of the eutectic-Si being shorter. Besides, the
driving force for diffusion of Si is larger and this is due to the supersat-
urated condition for the high-cooling (solidification) rate of the SLM
materials during the manufacturing process.

With a decrease in the cooling rate (i.e. AC and FC), since the mate-
rials remain at high temperatures (non-ambient) for a longer time, the
12
driving force will be provided for grains and eutectic silicon to grow
further. On the eutectic silicon, the particles would spheroid and coarsen.
The coarsening is more pronounced for the cast AlSi10Mg microstruc-
tures as compared with the SLM counterparts. This is because the starting
size of the eutectic silicon particles in the solutionized cast alloy is
already coarser than the SLM alloy due to the slower solidification rate
inherited in the casting process.
4.2. Micromechanical characterization

As observed in Figs. 12 and 13, the SLM AlSi10Mg shows higher
average hardness values when compared with the cast counterpart. This
agrees with other hardness trends reported by Kempen et al. [57], Zou
et al. [58], and Padovano et al. [59] on the cast and SLMAlSi10Mg alloys.
The overall strength of the cast AlSi10Mg alloy is mainly contributed to
the intrinsic strength of pure aluminum and eutectic silicon particles
[60]. However, the higher hardness (strength) of the as-built AlSi10Mg
material, relative to the cast material, can be contributed to a rapid so-
lidification rate, due to a very small melt pool as compared to the
significantly large substrate beneath, which results in grain refinement,
the formation of a silicon-rich cell structure, and the supersaturated solid
solution of silicon in α-Al (i.e. 8.89 at.%) [61–63]. The solid solution
strengthening is mainly because of differences in atomic radii of silicon
(0.118 nm) and aluminum (0.143 nm) which create a strain field in the



Fig. 14. Indentation size effect (ISE) of (a) cast, (b) SLM AlSi10Mg alloy.

Fig. 15. Plasticity index for cast and SLM AlSi10Mg materials.

Fig. 16. Wear resistance for cast and SLM AlSi10Mg materials.
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crystalline structure of the alloy acting as efficient obstacles against the
dislocation motion. Besides, moving dislocations would be pinned by the
Si precipitates and eutectic Si phases at cell boundaries via Orowan
looping, and Hall-Petch mechanisms, respectively [25]. Mg clusters and
Mg–Si co-clusters, which accelerate the precipitation of Mg2Si, have been
reported to provide excessive strengthening in the as-built AlSi10Mg
alloy. Another source of hardening is the dislocation networks which
strengthen the material through dislocation hardening. Considering the
mentioned mechanisms, the as-built structure with no post heat treat-
ment provides the hardest state of the printed AlSi10Mg alloy.

Upon a solutionizing thermal treatment, time and temperature are
provided for (i) grains to grow, (ii) cell structure to progressively disin-
tegrate, (iii) excessive dissolved Si to precipitate out, and weaken the
solid solution strengthening, (iv) eutectic silicon to fragment, spher-
oidize, and coarsen, (v) and the annihilation of the dislocations. These
parameters directly (and significantly) reduce the mechanical properties
(e.g. hardness) of the AlSi10Mg alloy upon any post-fabrication heat
treatment. That is why, the hardness values of the WQ, AC, and FC are
lower than the as-built material.
13
According to Colley et al. [64], the dissolution of Mg2Si particles
occurs rapidly at solution temperatures and is completed within minutes.
Upon rapid cooling (e.g. water quenching), since there is no time (driving
force) for the dissolved particles and other alloying elements to precip-
itate out from the aluminum matrix, an unstable supersaturated solid
solution of solute atoms and vacancies is formed. Indeed, the objectives
of quenching are (i) to suppress precipitation during quenching to retain
the maximum amount of the precipitation hardening elements in solu-
tion, (ii) to form a supersaturated solid solution at ambient temperatures,
and (iii) to trap as many vacancies as possible within the atomic lattice
[65,66]. The supersaturated solid solution structure is unstable therefore
upon any post mechanical work (i.e. nanoindentation) or thermal treat-
ment (i.e. artificial aging at intermediate temperatures), the excess ele-
ments and precipitates would be expelled out from the saturated (and
unstable) solid solution and the solution becomes stable enhancing the
strength of the alloy. Besides, the residual stresses, induced by water
quenching, are responsible for enhanced strength in the WQ samples
[59]. That is why the WQ structures provide the hardest and the second
hardest states for the cast and the SLM materials. For the SLM material,
the hardness values measured under as-built conditions are not exceeded
for any of the combinations of temperature and time applied.



Fig. 17. The SEM micrographs showing indents on (a) as-cast; (b) as-printed; (c) WQ (cast); (d) WQ (SLM) AlSi10Mg samples.

Fig. 18. Schematic plot of the ISE behavior and the contribution SSD and GND [69]. The dashed line shows the is the hardness due solely to statistically stored
dislocations without the impact of geometrically necessary dislocations.
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Solutionizing substantially reduces the hardness of the SLM materials
and successive cooling with different rates (WQ to AC to FC) is not
enough to exceed the values under conditions as built. Reduction in
14
hardness upon solutionizing treatment of the SLM alloys is mainly due to
the coarsening of the microstructure (grains) and eutectic-Si particles.
That is, the very fine cellular structure that is obtained because of the
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high solidification rate of the laser-assisted additive manufacturing is not
maintained after solutionizing heat treatment thus causing a decrease in
the mechanical strength of the alloy. The cellular network is destroyed,
and eutectic-Si particles coarsen to some micrometer diameters. There
might be some minor strengthening effect induced by solid-solution
however the loss of the strength due to grain growth would prevail [27].

Upon heat treatment, with a decrease in the post-solutionizing cool-
ing rate, more time would be available for the eutectic Si to spheroidize
and eventually coarsen (grow). Through this transformation, the poten-
tial sites for stress concentration, e.g. sharp tips and corners of rod-like
(fibrous) eutectic-Si are reduced [67,68]; hence, crack initiation is
postponed and the plasticity (formability) index is improved; that is, the
structure becomes more ductile. The cast WQ sample, with the highest
hardness value, however, holds the least plasticity index.

As seen in Eq. (4), there is a direct relationship between wear resis-
tance and hardness. For the SLM AlSi10Mg alloy, the as-built and the FC
samples show the highest and lowest wear resistance, respectively.
However, for the cast samples, changes in wear resistance is a bit
different. The highest and lowest wear resistance was found at WQ and
FC conditions, respectively for the cast AlSi10Mg alloy. The high wear
resistance of the cast WQ samples is due to the high hardness of these
samples induced by various mentioned strengthening mechanisms; i.e.
solid solutions strengthening, and precipitation (Mg2Si) hardening
caused by post mechanical working (indentation). The least wear resis-
tance belongs to the FC sample (in the cast and SLM conditions) which is
the softest structure due to coarsening of the eutectic-Si particles and to
some extent the coarsening of the aluminum grains.

The size of the indent becomes larger when the material becomes
softer. Fig. 17 shows the indentation footprints in as fabricated and water
quenched AlSi10Mg samples (both cast and SLM). In the as-fabricated
condition, the indent size for the cast material is tangibly bigger than
the indent size of the SLM part which means the SLM part is harder than
its cast counterpart. In the water quenched condition, the scenario is
opposite which means the WQ-SLM part is softer than its cast counter-
part. The small indents observed in the as-fabricated SLM part and WQ
cast part which is consistent with the nanoindentation results reported in
Figs. 12 and 13.

The ISE is more pronounced at shallower indentation depths. This is
because the material is almost dislocation free when the indenter depth is
very low. The correlation between indentation stress and density of
dislocations can be written as [69]:

σind ¼ 3
ffiffiffi
3

p
αGb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρGND þ ρSSD

p
(5)

where σ, α, G, b, ρSSD, ρGND are the flow stress, a material constant, the
shear modulus, the Burgers vector, density of statistically stored dislo-
cations (SSD) and density of geometrically necessary dislocations (GND),
respectively. As presented in Eq. (5), both GNDs and SSDs contribute to
indentation stress. Due to the low density of statistically stored disloca-
tions (SSDs) existing around the indenter, the strength of the material is
nearly as high as the theoretical strength. When the indenter further
penetrates the material, geometrically necessary dislocations (GNDs) are
generated. Themultiplication of GNDs changes the strength and hardness
of the material. With an increasing number of dislocations, their multi-
plication and mobility are impeded, thus the material experiences strain
hardening. With increasing indenter depth, the indentation stress
continuously diminishes and then reaches a rather steady-state plateau
level (as seen in Fig. 14). The observed steady-state plateau in the
indentation stress is due to the balance occurring between the dislocation
multiplication and dislocation annihilation/rearrangement (in other
words, the balance is between work hardening and dynamic recovery)
[70–72]. The change in the contribution of dislocations as a function of
depth is schematically shown in Fig. 18.
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5. Summary

This research work is the first attempt to compare the structure and
small-scale mechanical response of cast and SLM AlSi10Mg materials
under specially designed post-fabrication heat treatments. In this paper,
the effect of various post-fabrication thermal treatments on the micro-
structure and mechanical properties of cast and SLM AlSi10Mg alloy was
investigated. The focus was to track the microstructural evolution (i.e.,
the morphology, size, distribution of eutectic Si in the microstructure,
and texture) upon solutionizing and cooling at different media (e.g.,
water quenching, air cooling, and furnace cooling). To assess the corre-
lation between microstructure and mechanical properties, a semi-
destructive depth-sensing indentation testing technique was employed.
To this end, indentation load-depth, indentation hardness, reduced
modulus, and some quantitative parameters like plasticity index andWRI
were extracted from the cast and SLM AlSi10Mg materials. The micro-
structural evolution was linked to the change in micromechanical prop-
erties of the studied cast and SLM AlSi10Mg alloys heat treated at
different conditions.

The main findings of this study are given as follows:

(1) Among the materials at different conditions (as fabricated and
heat-treated), the as-fabricated SLM and WQ-cast parts were
found to be the hardest. The reason behind the superior hardness
is the ultra-fine microstructure formed by extremely fast cooling
rate induced during the process (as-fabricated SLM) and super-
saturated structure by quenching and also the residual stress
induced during the process in the cast alloy.

(2) Heat treatment significantly altered the microstructure and me-
chanical properties of the investigated materials.

(3) At furnace cooled condition, both SLM and cast parts were the
softest. This is due to the slow cooling rate resulting in Si spher-
oidization and coarsening as well as grain growth.

(4) ISE was observed in both cast and SLMmaterials for all conditions.
(5) Si-particles in the heat-treated SLMmaterials are finer and further

spheroidized compared with the heat-treated cast counter
materials.

(6) The designed heat treatments did not change the texture of the
SLM AlSi10Mg materials.
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