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Abstract: During powder-bed fusion (PBF), the irradiated material causes undesirable thermal
stresses while experiencing large temperature oscillations over a rapid period. This requires the
components produced by this technique to undergo thermal treatment. The characteristics of ad-
ditively manufactured materials, which are rapid heating and cooling, do not accept conventional
methods, such as thermal treatment, that alleviate stress for the removal of thermal stresses. In this
research, the thermal treatment of age hardening is explored, in which AlSi10Mg is subjected to lower
temperatures for longer periods of time. Other samples were thermally treated at 300 ◦C and 400 ◦C
for various hours and quenched in ice water. This is conducted to identify the acceptable temperature
and conditions that will improve the properties after thermal treatment without jeopardising other
properties of the material and to investigate the effects of the thermal treatment profiles on the
microstructural and mechanical characteristics of the AlSi10Mg samples.

Keywords: age hardening; AlSi10Mg; thermal treatment

1. Introduction

Compared to conventional production methods, the powder-bed fusion method (PBF)
of additive manufacturing offers various benefits, such as excellent material use proficiency,
near-net shape production, decrease in production steps, and an extraordinary level of flexi-
bility and complexity of parts [1,2]. PBF can also process materials with high melting points,
which are relatively hard materials. However, the exceptional characteristics of PBF, such
as the rapid heating and cooling process, cause some difficulties [3]. The composite thermal
narratives, extreme density of the defects and extreme degree of surface abnormalities pro-
duced by the occurrence of tensile residual stresses, and inadequate ductility can negatively
influence the integrity of the structural components of PBF built materials. Mechanical
and thermal post-treatment have been used to try to relieve these residual stresses [4].
Most thermal post-treatment investigations for additive-made materials have been based
on the implementation of reputable conservative thermal treatment techniques generally
applied on the cast materials of comparable compositions. However, in previous studies by
Mfusi et al. [5], it was determined that the thermal treatment profile has a negative impact
on the strength and hardness of additively manufactured samples. Therefore, it is crucial
to create unique thermal treatment profiles that are suitable for AM samples to fully utilise
the benefits of technology in the creation of components for industrial applications [6].

Due to its castability and weldability, AlSi10Mg is generally known to be an age-
hardenable alloy with good mechanical characteristics due to its near-eutectic composi-
tion [7]. AlSi10Mg has been extensively studied in the conventional and additive manu-
facturing arenas [8]. As a result of its great castability, reduced temperature, and reduced
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contraction, AlSi10Mg has been one of the eutectic and hypoeutectic Al–Si alloys chosen
by various investigators as the testing material for powder bed AM. This is due to the
recognition of significant factors influencing the mechanical characteristics of Al–Si alloys,
which are the amount of sophisticated eutectic silicon morphology [9]. However, the
continuous evolution of the application of additively manufactured components (AM)
within the aerospace and automotive industries considers it necessary to further explore
the performance of the material in different environments [10]. Additive manufacturing
has not yet discovered an appropriate post-build thermal treatment for most of its materials.
The conventional method of thermal treating AlSi10Mg, which is a stress reliever, does not
produce substantial results. Consequently, mechanical properties are compromised, such
as when ductility is achieved, strength is compromised, and vice versa [11].

The morphology and size of eutectic silicon during thermal treatment, when agglomer-
ated, has been found to be the most significant microstructural consequence that affects the
mechanical characteristics of AlSi10Mg [5,12]. In this work, it was assumed that, because
aluminium is a soft material, its atoms can be excited at lower temperatures but with time.
The aim was to attempt to excite and diffuse aluminium in the matrix rather than silicon
at the boundaries in order to reduce the residual stresses in the material, thus enhancing
the mechanical properties thereof. This is because aluminium has a lower melting point
than silicon. Residual stresses are stresses that form in a material even if no external forces
are applied to the material and can be induced by a number of factors [13]. The reduction
in residual stresses built up that are formed as a result of the rapid heating and cooling
characteristics of AM processes, especially in SLM, is the most imperative part of this
investigation to pursue the production of components with significantly outstanding mi-
crostructural, mechanical, and integrity of these properties. The as-built AlSi10Mg already
consists of an almost 100% relative density; therefore, the idea of this work to achieve its
objective is not to alter the microstructure in any way but to remove the residual only.

2. Experimental Procedure
2.1. Specimen Production

The 10 cm high tensile as well as the 25 × 25 × 25 mm3 cubes for residual stress
measurement samples were produced by SLM Solutions M280 with fixed parameters of
150 W power, 1000 mm/s scan speed, 50 µm hatch spacing, and 50 µm powder layer
thickness. The samples were built vertically (Z-direction).

2.2. Heat Treatment Profiles

Thermal treatment trials were carried out as follows: (1) the samples were thermally
treated in a Muffle furnace at 50 ◦C for 5, 10, and 15 h as well as at 100 ◦C for 4, 8, and
12 h, respectively. (2) The other samples were also thermally treated in a Muffle furnace at
300 ◦C for 2.5 and 3 h and others at 400 ◦C for 2.5 and 3 h, respectively, and then quenched
in ice water. The samples were then studied separately for differences relative to time
and temperature. Aged hardened tensile samples were removed from the furnace and
air-cooled at room temperature. The quenching samples were quenched in ice water of
0 ◦C. Age-hardening thermal treatment profiles were created with the intention of diffusing
the aluminium matrix only at lower temperatures while avoiding the boundaries of eutectic
silicon when attempting to reduce residual stresses. The ice-water quenching profile
was created with the intention to freeze the diffused aluminium matrix and prevent the
coarsening of the eutectic silicon during room temperature cooling that happens when stress
is relieved. The thermal treatment profiles are not from standard conventional methods.

2.3. Characterisation Technique

Tensile testing was performed on all samples using the 20 kN Zwick/Roell Tensile
Tester applying standard ASTM E8/E8M-16a. Before microstructural characterisation with
an Olympus optical microscope, samples were sectioned, mounted, polished, and etched
with Keller’s reagent for 20 s. Hardness testing on the mounted samples was performed on



Metals 2024, 14, 292 3 of 16

the Zwick Micro/Macro Vickers hardness tester with a load of 300 gf. Fractographic testing
was performed on the JEOL JSM 6010 Plus/LA, analytical scanning electron microscope
(SEM). Residual stress measurements were carried out on the AUTOMATE II micro-area
X-ray diffraction (XRD) system at 0◦, 45◦, and 90◦ angles (sample nature, Bragg 139,
FCC-311).

3. Results and Discussion
3.1. Measurements of Hardness

Figure 1 shows diagrams of the hardness results for the samples age-hardened at 50 ◦C
and 100 ◦C for various long hours, followed by the samples thermally treated at 300 ◦C for
2.5 and 3 h, as well as at 400 ◦C for 2.5 and 3 h and quenched in ice water.
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(b) ice-water quenched.

The results of the hardness test illustrate that thermal treatment at 50 ◦C for 5 h
and 15 h shows a slight increase in hardness compared to the AlSi10Mg, which was
126 ± 0.564 Hv [1]. The hardness of the samples treated for 10 h increased significantly by
40 Hv. However, all results demonstrate an improvement. In the microstructure discussion,
the literature has proven that precipitation of the not so often visible Mg2Si is the cause of
the increase in the hardness of the samples as long as there is no expulsion of silicon particles
from the eutectic boundaries, which also results in a change in microstructure [14–16].

Figure 1b demonstrates a drastic increase in hardness for samples that age-hardened
at 100 ◦C. Hardness is a very important part of the mechanical characteristics of a material.
It is one of the main reasons why this investigation was carried out to improve the hardness
of the material as part of the material’s ability to resist plastic deformation [12]. In these
samples, a significant increase in hardness of 20, 10, and 14% is observed, respectively, after
age-hardening. Friend and Luxton proved that the increase in hardness during long-hour
age-hardening confirms the stimulation of the matrix characteristics, which corresponds
to the fibres and matrix hardness by what they called the ‘modified rule of mixtures’
relationship. The change in hardness of the alloy is related to the change in hardness of
the matrix by a factor equal to the volume of the matrix fraction [17]. This was the exact
objective of this investigation to temper with the aluminium matrix in order to reduce the
residual stresses rather than the eutectic silicon boundaries.

Ice-water-quenched samples demonstrate a reduction in hardness compared to built-in
126 Hv but it was better than the stress-relieving thermal treatment of 48 Hv [5]. Between
these samples, it is observed that the samples thermally treated at 300 ◦C demonstrate
better hardness than those thermally treated at 400 ◦C. As established by microstructure, it
is observed in the hardness results that the more silicon disintegrates and agglomerates in
the aluminium matrix, the more the samples soften with time and/or temperature [12].
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3.2. Microstructural Analysis
3.2.1. Optical Microscope (OM) and Scanning Electron Microscope (SEM) for
Age Hardening

Figures 2–5 show the microstructures of the OM and SEM for the samples that age-
hardened at 50 ◦C for 5, 10, and 15 h, respectively. The results of the optical microscope
of the samples were thermally treated at a temperature of 50 ◦C for 5 h, 10 h, and 15 h, as
observed in Figure 4. A few pores are observed in Figure 2 denoted by the yellow arrow.
The common laser tracks and the eutectic silicon surrounding the limits of the aluminium
matrix are still visible in all samples [1,10,18]. Images (a, b, and c) are the longitudinal
views while (d, e, and f) are the sectional views in both the OM and SEM micrographs,
respectively. This microstructure is understood to influence the mechanical characteristics of
the material optimistically [8]. According to Fiocchi [8], the microstructures have undergone
precipitation of Mg2Si, which is recognised to be too small to be distinguished in OM.
The presence of at least 0.5% of Mg in the AlSi10Mg alloy causes the establishment of
a precipitation of magnesium silicide that is hardly seen in the SLM built relative to
rich silicon, as always tested as a result of the high solidification characteristic of the
manufacture of distinctive powder-bed fusion additives. However, Mg2Si, which is needle-
shaped, precipitates into the microstructure after thermal treatment, helping to strengthen
the mechanical characteristics of the alloy [4,19].

The microstructures show some pores, indicated by yellow arrows, that look like
metallurgical pores that are small in size and spherical in shape and, according to [20,21],
are a consequence of trapped gases within the molten pool.

The optical microscope and scanning electron microscope results of the samples
were thermally treated at a temperature of 100 ◦C for 4 h, 8 h, and 12 h, as observed in
Figures 4 and 5, respectively. These samples do not show a change in microstructure after
thermal treatment; fish-scale-like patterns are visible, which are the grain boundaries of
the eutectic silicon surrounding the hair-like structures, which are the dendrites of the
aluminium matrix [1,22,23]. The samples that were thermally treated for 8 h show fewer
pores than those for 4 and 12 h. The role of silicon, among others, in AlSi10Mg is to reduce
the melting point, so lower temperatures were selected in this study. The reduction in
the melting point between the liquid and the eutectic temperature of AlSi10Mg is at least
83 ◦C with a thin solidification matrix. This decreases the energy essential to melt the
metal powder and allows for a limited dimensional regulation to build complex shapes
and projection assemblies [24,25].
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3.2.2. Optical Microscope (OM) and Scanning Electron Microscope (SEM) of
Ice-Water Quenching

Figures 6–9 demonstrate the micrographs of the OM and SEM of the samples thermally
treated at 300 ◦C and 400 ◦C for 2.5 and 3 h. The objective of quenching the samples was to
suppress the precipitation of silicon expelled from the aluminium matrix that was observed
in the stress relief thermal treatment. In Figure 8, it was observed that the microstructure of
the OM sample appears to be swollen with multiple tiny holes. In the SEM micrographs,
the distegrated silicon from the aluminium matrix is observed, as also seen from the stress-
relieved samples, but, this time, with a lot of tiny microcracks, as though the samples
experienced thermal shock when queched in the ice water.
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Figure 9. OM (a,b) and SEM (c,d) images for AlSi10Mg samples quenched at 400 ◦C for 3 h at various
magnifications.

These samples prove that, as soon as the silicon is expelled from the aluminium
matrix, as the near-eutectic characteristic, which brings about the strength and density
in the microstructure, the pursued microstructural and mechanical properties are lost.
Figure 7 also illustrates the swollen microstructure with micro-pits in (a and b) as well as
microcracks and tears in the SEM images of (c and d). The micro-pitting appears to be
denser in these images compared to Figure 10. The magnitude and spread of eutectic silicon
in the microstructure significantly alters the mechanical characteristics; for example, the
area with larger acicular silicon atoms has reduced fatigue characteristics [25]. As agreed by
Xiaohui et al. [26], the extreme temperature gradient does have a substantial consequence
on structural integrity and the proper functioning of the constructed components; therefore,
it is vital to work on the microstructure, residual stress, and mechanical characteristics of
the material.
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The expelled silicon is not agglomerated, as was observed in the stress-relieved sam-
ples, but is scattered on the surface of the aluminium matrix, which could be the cause of
the difference in hardness. Figure 7 shows no difference in the micro-pitting and swollen
OM microstructure, as well as the cracked and torn SEM microstructure. Modification of
silicon atoms in aluminium–silicon alloys is observed to be the most significant influence on
improving their mechanical characteristics [25]. The loss of solution at the heterogeneous
nucleation sites is generally what has been attributed to quench sensitivity in Al–Mg–Si
alloys. It was proven to correlate with the degree of supersaturation of the vacancies
once cooled [27].

In these samples, it is observed that the longer the period of thermal treatment, the
denser the microstructural swelling and micro-pits. Figure 8 shows a denser bulged
microstructure than that of 300 ◦C at 3 h, which is Figure 7. The expelled silicon also seems
to be a little closer together in the aluminium matrix. Alghamdi and Fiocchi [8,28] found
that exposure of AlSi10Mg to higher temperatures causes eutectic silicon in the intercellular
system to experience disintegration, spheroidisation, and coarsening of morphological
progressions with time and/or temperature. The extreme part of this morphological
progression was observed in stress relief [5]. The spheroidisation and coarsening of silicon
is what suffers from the hardness characteristic of AlSi10Mg.
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3.3. Tensile Strength

Figure 10 shows graphs that demonstrate the tensile strength of the sample thermally
treated by age-hardening at 50 ◦C and 100 ◦C for various long hours, as well as the
quenched samples.

The stress at yield of all the samples age-hardened at 50 ◦C shows that they exceeded
the values of the tensile strength of the as-built AlSi10Mg samples, which was 243.72 MPa.
The UTS of the aged, hardened samples for 5 and 10 h also exceeded that of the built
samples, which was 473.18 MPa, and the 15 h samples were significantly below but compar-
atively above that of the cast samples, which was 335 MPa. The Young’s modulus, though,
of the as-built samples, which was 70.77 GPa, exceeds all the samples age-hardened at
50 ◦C. This means that these age-hardened samples are more elastic than the as-built
samples, which is another highly pursued characteristic. The elongation of the samples as
they age-hardened for 5 and 15 h decreased, and the 10 h samples remained the same as
that as-built, which was 6.8% [15]. The observation here is interesting because the hardness
improved drastically without compromising the elongation. In fact, samples aged hardened
for 10 h have shown tremendous strength, with a UTS of 480 MPa and a stress at yield of
293 MPa.

The stress in the yield of the aged hardened samples at 100 ◦C is the same and
higher than that of the as-built samples by approximately 3% and the Young’s modulus
is approximately 12% lower than that of the as-built samples, demonstrating that the
elasticity of the samples after thermal treatment of age-hardening the UTS shows no
significant variation from that of the as-built samples, while the elongation has a significant
drop of approximately 1%. Welsch et al. confirms that the increase in yield strength and
modulus after age-hardening is due to the formation of precipitates within the primary α

grains [29], which, in this case, is Mg2Si. Banerjee discovered that silicon is responsible
for the nucleation of the precipitates during the thermal treatment of age-hardening in
aluminium-based alloys [30].

As seen in the fractography, the samples thermally treated at 400 ◦C demonstrate
high ductility, which is observed in the elongation, as well as reduced strength relative
to the as-built samples. Thermally treated samples at 300 ◦C have reduced elongation
compared to those built but without improved strength. The Young’s modulus in these
samples exceeds that of the as-built, except the one thermal-treated at 400 ◦C for 3 h, which
conveys that the samples are stiff. This is not the characteristic sought to improve the
mechanical properties of AlSi10Mg when thermally treated. The samples treated at 300 ◦C
reduced stress with yields of approximately 15.7 and 16%, while the 400 ◦C samples lost
approximately 48%. The UTS was reduced for the 300 ◦C by about 21.6 and 24.7%, while
the 400 ◦C was reduced by 53.4 and 54.5%, respectively. The elongation of the 400 ◦C
increased by almost 200%.

As justified in the fractography samples, the tensile graph shows that the sample
thermally treated at 300 ◦C for 2.5 h is more brittle than the rest. The elongation of the
thermally treated sample at 400 ◦C also vindicates the ductility in the fractographic images.

3.4. Fractography

Figures 11–14 show the fractured tensile sample fractography results obtained from the
scanning electron microscope (SEM). Figure 11 shows a conservatively ductile fracture struc-
ture for all samples in relation to the built-in sample fractography [1]. In (b and e), the surface
reveals inclusions and microcavity consolidation, which are alleged to have been formed
where there were defects from the as-built samples prior to thermal treatment [1,11,31]. In
sample (a and c), the direction of propagation from crack initiation is indicated by the red
arrows. These samples appear to have experienced a forced fracture that is more visible in
the pictures below. This observation is justified by the high hardness values.

There is not much difference observed in Figure 12 relative to Figure 11 fractography.
This is also observed in other characterisations, which show that, in both 50 ◦C and 100 ◦C,
the samples yield significantly improved results with only slight variances from one another.
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The surface also shows inclusions with micro-voids, showing a forced fracture, though
ductile relative to the as-built samples [1]. The pores, denoted in yellow, are observed on
both Figures.

For the fractography micrographs of the samples, in Figure 13, a brittle fracture is
observed in the (a and c) that exposes the structure of the fish-scale track segment and the
longitudinal morphology, since the breaking of the swollen surface is clearly observed. The
basis of malfunction for this sample seems to have been initialised at any arbitrary layer
and then spread abruptly to the building direction through weak sites between layers [10].
Meanwhile, in (b and d), a small ductile fracture is observed relative to that of (a and c). In
both fractography images, pores are observed.
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Figure 13. Fractography images of samples quenched at 300 ◦C: (a,c) 2.5 h and (b,d) 3 h at various
magnifications.
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The fractures are both more ductile as the dimples are more visible in correlation with
Figure 6. Well, the time factor is also observed here, which supports the findings in the
microstructural images where (b and d) thermal-treated at 300 ◦C and that of 400 ◦C at 3 h
show more ductility in comparison with the (a and c) of both samples. The propagation is
denoted by the yellow arrows in Figure Sample (d) consists of more dimples with micro-
void coalescence relative to all of the samples. This is also shown in the elongation and
modulus of elasticity. The (a) samples in both Figure 7 and Figure 17 also confirm the time



Metals 2024, 14, 292 12 of 16

factor that plays a role in the silicon fragmentation observed in the SEM microstructures.
The track segments are seen in both samples, though they do not look the same because
less silicon was expelled because the structure did not lose much of its track segments,
although the track segments experience thermal shock, which rendered them invisible in
the OM images. This also supports the argument that silicon does not need to disintegrate
from the aluminium matrix when thermally treating AlSi10Mg.

3.5. Residual Stress Measurements

Figures 15–18 are the results of residual stress measurements for the samples thermal-
treated at 50 ◦C and 100 ◦C, as well as those ice-water-quenched at 300 ◦C and 400 ◦C.
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for 2 h.

The results of the samples thermally treated at 50 ◦C for 5 and 10 h demonstrate an in-
crease in residual stress measurements, while the sample thermally treated at 50 ◦C for 15 h
demonstrates a significant reduction to a point of negative residual stress measurements.
Negative residual stresses are mathematically termed compressive residual stresses and are
known to have a positive influence, especially during fatigue conditions, since they act as
resistance to tensile stresses applied by keeping the crack faces closed to reduce destruction.
This is because, for many structures, fatigue cracking is one type of damaging failure [32].
The fatigue life of a component can be improved by post-treatment, since compressive
residual stresses can be induced on the surface, thus improving its hardness [33].

It must be recognised that the formation of residual stress in a component is primarily
compared to all other manufacturing parameters and material factors [34]. Therefore, to
avoid unsolicited transformation in the microstructure and material characteristics, the
adoption of thermal treatment temperatures must be carried out with caution. It is observed
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in these results that the sample thermally treated at 100 ◦C for 4 h demonstrates an extreme
increase in its residual stress measurements, while the samples thermally treated at 100 ◦C
for 8 and 12 h demonstrate a significant reduction in their residual stress measurements.
In this work, the expectation is for the aluminium matrix to diffuse to the stressed area
of the sample in order to relieve the stress thereof. It is demonstrated in the samples
thermal-treated at 100 ◦C for 8 and 12 h. The 8 h treatment is shown to be the effective
thermal treatment parameter.

The results of the samples thermally treated by ice-water quenching at 300 ◦C demon-
strate a high reduction in residual stress measurements, while the samples thermally treated
by ice-water quenching at 400 ◦C demonstrate a drastic reduction to a point of negative
residual stress measurements. According to Neves et al., compressive residual stresses are
produced in quenching more than any other thermal treatment [13]. Compressive residual
stresses are commonly known to decrease the influence of functional tensile stresses and,
therefore, are considered useful, which, in recorded cases, subside in improving resistance
to corrosion cracking stress and fatigue strength [35]. In this case, as observed in the sam-
ples ice-quenched at 400 ◦C, these compressive residual stresses occurred as a consequence
of the thermal shock experienced by the samples. During the quenching process, the exter-
nal surface of the metal cools the fastest relative to the internal. Therefore, the extension
of the internal volume is limited by the rapid cooling of the external, which causes it to
experience compression, while the external surface experiences tension [35]. Therefore,
these samples experienced a severe volume change due to ice water to a point of stress that
resulted in cracking of the samples. This is also evident in the increased elasticity of the
samples ice-quenched at 400 ◦C, which was a result of plastic deformation.

The results of the samples thermally treated by stress relief at 300 ◦C for 2 h demon-
strate an increase in residual stresses relative to the built samples. As agreed by Indus-
trial Metallurgists, 2022, cooling the component from high temperatures induces residual
stresses instead of relieving them as a result of the temperature difference, which causes
thermal contractions. Inhomogeneous stress due to various cooling rates undergone by the
internal and external chambers of the sample is established by thermal contractions, which
then result in an increase in residual stresses [35]. These inhomogeneities are observed in
the coarsening of the microstructure and the bulging of the sample [5,36]. As agreed by
Frederico et al., residual stresses depend on the type of thermal treatment used, its intensity,
and the nature of the original residual stresses on the material [13]. This may be the reason
for the increase in residual stresses observed in Figure 10. Some residual stresses are a
consequence of thermal treatment, as also previously observed by Camurri et al. [36,37].

4. Conclusions

# In this investigation, there is a justification that the age-hardening thermal treatment
modifies the mechanical characteristics of AlSi10Mg constructively. There, the mi-
crostructure did not change, which was the key objective sought to be achieved for
this investigation. This is observed with all samples age-hardened at temperatures of
50 ◦C and 100 ◦C for all variations in hours; even though the samples age-hardened at
50 ◦C for 10 h stand out as the most successful thus far in terms of hardness enhance-
ment of 166 Hv, the rest of the age-hardened samples demonstrated a considerable
hardness increase.

# In all samples, improvement was observed, although there was a minor compromise
in ductility while work was performed to improve strength.

# The residual stress measurements meticulously selected the effective thermal treat-
ment parameters to be 50 ◦C at 15 h and 100 ◦C at 8 and 12 h. The residual stresses
were reduced to between 0 and −20 MPa, 0 and 10MPa, as well as between 0 and
20 MPa, respectively.

# In ice-quenched samples, whenever silicon is disintegrated at the eutectic boundaries,
the microstructural and mechanical characteristics of AlSi10Mg are compromised.
The idea of thermal treatment in AlSi10Mg samples is to precipitate Mg2Si and retain
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the scale-like microstructure, which is the original structure built, which is already
near perfect and only in need of residual stress removal.

# It was observed that the residual stress was reduced to compressive residual stress
at 400 ◦C to below 50 MPa and, for samples ice-quenched at 300 ◦C, the resid-
ual stress was reduced to slightly above 0 MPa, which tells us that the thermal
treatment technique is effective at reducing residual stresses despite compromised
mechanical characteristics.

# In future work, the quenching is suggested to be carried out at a lower temperature
and samples to be quenched in water at 25 ◦C, which is room temperature. This
should prevent thermal shock in the samples after being removed from the furnace. It
also dawns that, with the stress relief thermal treatment, during air cooling or furnace
cooling, the transformation still precedes; hence, the whole morphological evolution
was observed with time.
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