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Abstract: The heating and cooling profiles experienced during laser additive manufacturing results
in residual stresses build up in the component. Therefore, it is necessary to perform post build stress
relieving towards the retention and improvement of the mechanical properties. However the thermal
treatments for conventional manufacturing do not seem to completely accommodate these rapid
heating and cooling cycles of laser processing techniques such as powder bed fusion. Characterizations
such as density measurements on the samples were performed employing the Archimedes principle;
hardness testing was performed on the Zwick micro/macro (Hv) hardness tester, SEM and Electron
backscatter diffraction (EBSD). Fracture toughness and crack growth was conducted on a fatigue
crack machine. All characterization was done after stress relieving of Selective Laser Melting (SLM)
produced samples at 300 ◦C for 2 hrs was performed in a furnace. The mechanical properties appear to
be rather compromised instead of being enhanced desirably. As-built SLM produced tensile specimens
built in different directions exhibited significantly favorable mechanical properties. However, post
stress relieve thermal treatment technique deteriorated the strength while increasing the ductility
significantly. Nonetheless, fatigue crack growth and fracture toughness illustrated positive outcome
in terms of fatigue life on SLM produced AlSi10Mg components in application.

Keywords: selective laser melting (SLM); Alsi10Mg; stress relieve; additive manufacturing

1. Introduction

Additive manufacturing (AM) is a new technology that has made its mark as an innovative
and flexible manufacturing technology [1]. Continuously, there is a need for the development of
this technique, with the main objective being to reach 100% component density [2,3]. The additive
manufacturing of aluminum alloys in particular finds recent applications in the aerospace, rail and
automotive industries for structural and non-structural parts, which are usually die casted. In particular,
the powder bed fusion processing of aluminum alloys has gained interest in the aerospace, rail and
automotive industries due to the versatile nature of the process. The shapes of the components are
generally attained from rigidity-focused strategies. Usually low stress requirements are often the
objective for these components relative to stressful loading circumstances where finite-life fatigue
resistance should be considered as distinctively possible such as circumstances where load or vibrations
counteracting on component could be extreme [4]. Fatigue resistance crack propagation relative to
the direction of the load is inherently dependent to anisotropy of the process of manufacturing. It is
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common knowledge that defects that are found on the surface are the most dangerous of them all since
crack propagation is most likely to be initiated on the surface. In AM applications, majority of failures
observed are those that generally instigated from the surface where there are defects [4].

Silicon based aluminum alloys such as AlSi10Mg, AlSi12, etc. are currently used for laser AM and
these are characterized by good castability, low shrinkage and moderately low melting temperature
and AlSi10Mg is one of the most common alloys characterized with a hypoeutectic composition [5,6].
Prashanth et al. [7] studied the heat treatment of hypereutectic Al–Si alloys, which are said to have a wide
application in the automobile and aerospace sectors due to their high wear and corrosion resistance.

During laser AM processing, the rapid heating and cooling of the laser processing results in the
residual stresses build up. These residual stresses affect the properties of the components such as the
ultimate tensile strength and the fatigue life [8]. It is said to be common knowledge that AM material
has comparatively lower fatigue resistance than traditionally manufactured materials in the as-built
condition, the reason being that fatigue life is affected directly by impurities and the inhomogeneity of
the microstructure [9]. In this case, post heat treatment is necessary in order to relieve the residual
stresses while maintaining the desired mechanical properties.

For instance, Cabrini et al. [10] performed various heat treatment techniques on the AlSi10Mg
samples with various direct metal laser sintering (DMLS). These were stress relieving, annealing
at high temperature and water quenching. Their results determined that annealing resulted in
intensification to the matrix of aluminum phase with precipitation of rounded silicon on the surface
also. Fiocchi et al. [11] studied the low temperature annealing of Selective Laser Melting (SLM)
produced AlSi10Mg. After stress relieving at 263 ◦C on the as built samples, minor microstructural
differences were observed. However, for heat treatment at 294 ◦C the silicon network appeared to be
disconnected. Other work by Fousova et al. [12], investigated the modifications in the microstructure
and mechanical properties of additively manufactured AlSi10Mg alloy after exposure to temperatures of
120–180 ◦C. The current, heat treatment profiles, mainly die casting used for AM parts, are adapted from
conventional profiles, which have been shown to affect the AM parts negatively in some instances [13].

Therefore in order to improve the fatigue performance of AlSi10Mg, T6 heat treatment, processes
such as solution treatment at 520 ◦C, water quenching and artificial ageing at 160 ◦C, which are also
known as peak-hardening have been used [14]. Microstructural coarsening and material softening
during annealing of SLM produced AlSi12 were reported and revealed the same results as conventionally
cast material [15].

This paper will focus on the effect of stress relieving on the microstructure, porosity, mechanical
properties and fatigue life of SLM produced AlSi10Mg samples with a focus on the build direction
effect. It is a continuation of the previously published work conducted by the authors investigating the
effect of build direction on the as-built SLM samples using AlSi10Mg [16]. This is because although the
effect of the build direction of powder bed fusion manufactured Ti6Al4V has been extensively studied,
there is little information on the AlSi10Mg alloy.

2. Materials and Methods

2.1. Powder Bed Fusion Processing

AlSi10Mg powder with a spherical morphology and particle size distribution of 30–65 µm was
purchased from TLS Technik GmbH, Germany, and it was used as received (see reference [6]). The study
was carried out on specimens produced by the SLM Solution M280 GmbH from Lubeck in Germany
using a laser power of 150 W, 1000 mm/s scan speed, 50 µm hatch spacing and 50 µm powder layer
thickness fixed processing parameters (the image of the samples on the base late is presented in
previous work [16]). The samples were built in the XY, 45◦ and Z orientations. Tensile, fatigue and
crack growth samples (three of each) were prepared according to the images in Scheme 1. Post build
stress relieving on the specimens was carried out in a rotary furnace using a temperature of 300 ◦C and
hold time of 2 h then furnace cooled to room temperature.
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Scheme 1. An illustration of the Selective Laser Melting (SLM )produced AlSi10Mg mechanical samples;
(a) tensile, (b) fracture toughness and (c) fatigue crack growth. Note: The length and width of (b) and
(c) are the same.

2.2. Characterization Techniques

Density measurements on the samples were performed using the Ohaus densitometer employing
the Archimedes principle with ethanol as a liquid medium. For testing the mechanical properties
(ASTME8), the 20kN Zwick/Roell Tensile/Compression tester GmbH from Radeberg in Germany was
used, while hardness testing was performed on the Zwick micro/macro (Hv) hardness tester GmbH
from Radeberg in Germany. The microstructures of the polished samples after etching with Keller’s
reagent were viewed on the optical microscope. The samples were also analyzed for phase and grain
information using a Zeiss LEO 1530-FESEM fitted with the Oxford Energy Dispersive Spectroscopy
(EDS) and Hardware Lab Kit (HKL) Electron Backscatter Diffraction (EBSD) detector GmbH from
Radeberg in Germany. The fractured tensile samples also underwent fracture analysis on the JEOL
JEM-210 SEM from Peabody in USA. A 1342 Instron 30 kN fatigue crack machine from Norwood in
US was used to conduct fracture toughness and fatigue crack growth tests according to ASTM399.
The dimensions of the samples were as seen in Scheme 1, with a notch length of 7.37 mm for both
fatigue crack growth and fracture toughness samples. The load used on the samples was 156 MPa,
cycling at a rate of 2.1 mm/min and frequency of 15 Hz.

3. Results and Discussion

3.1. Density and Porosity Measurements

The density results of the AlSi10Mg as-built samples were investigated and presented by
Mfusi et al. [16], where the average density was 2.68 g/cm3, with relative densities above 99% for the
samples in different build directions. However, after stress relieving at 300 ◦C the density values
dropped drastically to 2.58–2.61 g/cm3, which were 0.07–0.1 g/cm3 lower than as-built, presented in
Table 1. It was also observed that the porosity values were higher at 2.67–3.81%, which was above the
accepted levels for applications.

Table 1. Showing the orientation density and porosity levels after stress relieve.

Orientation Density (g/cm3) Porosity (%) Relative Density (%)

A (0◦) 2.61 ± 0.025 2.67 ± 0.92 97.33 ± 0.92
B (45◦) 2.60 ± 0.023 3.19 ± 0.86 96.81 ± 0.86
C (90◦) 2.58 ± 0.027 3.82 ± 1.00 96.18 ± 1.00

This behavior was also observed by Calignano [17], where they also determined that stress relief
led to a decline the density and mechanical properties of the specimen. Ahmed [5] determined that the
greatest challenge in producing aluminum alloys parts by SLM technique was to minimize porosity,
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which is the major effect of the relative density as aluminum alloys are easily subjects to oxidation
during processing, stimulating pore formation. Therefore, more research is needed to address the
impact of heat treatment temperatures on the properties of the SLM produced samples in order to
optimize the properties for intended applications [18].

3.2. Hardness Measurements

The Vickers hardness method was used to measure the hardness of the samples in different
orientations after stress relieving and is presented in Table 2.

Table 2. Build orientation hardness results after stress relief.

Orientation HV

A (0◦) 43.91 ± 2.44
B (45◦) 47.32 ± 3.35
C (90◦) 47.14 ± 4.16

After stress relief the samples suffered an enormous drop in hardness from 126–128 HV for the
as-built samples [16], to 46–49 HV as shown in Table 2. This illustrated the uncertainty of the stress
relieving method undertaken towards the improvement of the mechanical properties of SLM produced
AlSi10Mg, irrespective of the build direction. However, the largest drop in hardness was observed
for batch A that was built in the 0◦ direction. This decrease in hardness after stress relief in the SLM
produced aluminum alloy study was also observed by Fiocchi et al. [11] and Aboulkhair et al. [16,19],
where a negative response was seen after heat treating the AlSi10Mg alloy using the T6 treatment
and stress relief at 300 ◦C. In their work, stress relief showed a significant decrease in hardness of up
to 66%, compared to the decrease of up to 62% obtained in this investigation. They attributed this
behavior to the material softening that was seen to expose the additively manufactured component’s
weakness for application that requires high hardness properties. Trevisan et al. investigated the effect
of stress relieving on SLM produced AlSi10Mg parts and also reported negative results as well [17],
which might not render the temperature profiles viable for the improvement of properties, however the
process is sometimes necessary in order to relieve the residual stresses obtained in SLM produced parts.

3.3. Microstructure Analysis

The evolution of the microstructures as a function of heat treatment is an important aspect
of metallurgical evaluation as it is related to the mechanical properties of the samples. Therefore,
the microstructures of the SLM processed AlSi10Mg samples after stress relieving were taken and these
are presented in Figure 1a–c, demonstrating the three build directions at 50×magnifications.

Figure 1. Optical Microscopy (OM) microstructure of AlSi10Mg (orientation 0◦, 45◦ and 90◦) samples:
(a–c) at 50×magnification post stress relief.
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Figure 1a–c illustrates that post stress relieving, the grain boundaries disappeared completely
and a different homogeneous “sand like” structure was observed. The microstructural observation
acquired a big change in the morphology compared to the as-built micrographs, which had scale-like
morphologies [16], as presented by Mfusi et al. From the observation, this structure exhibited a rough
surface, which was speculated to be a result of the silicon (depicted by yellow arrow) and aluminum
(depicted by white arrow) being uniformly distributed. Brandl et al. [15] also observed the same change
in the microstructure after performing peak hardening heat treatment for SLM processed AlSi10Mg.
Finer silicon particles were observed in 45◦ orientation relative to 0◦ and 90◦ orientation, which were
anticipated to be attributed by the defects contained in the specimen. Built direction played a role as it
was observed also that 0◦ orientation had more courser particles than the rest. Tang determined that
there were three stages that silicon undergoes during stress relief heat treatment where silicon and
Mg2Si precipitates, spheroidization of precipitates and silicon particles coarsening [20].

Fousova et al. [12], explained the effect as the comparative infringement of the silicon network
causing the coarsening of distinct Si particles, which are observed in all the images. Zhang et al. [21]
also stated that after stress relieving, there is a diffusion of silicon dendrites into a discontinuous state.

3.4. Electron Backscatter Diffraction (EBSD)

EBSD was performed on the as-built and stress relieved samples to determine the effect that
stress relieving has on the phases and grains produced by SLM processing. Table 3 presents the phase
fractions of the main elements of AlSi10Mg alloy for the as built samples, as well as for samples after
stress relieve heat treatment respectively, for the three build directions.

Table 3. Showing as built and stress relieved Electron Backscatter Diffraction (EBSD) phase fraction.

AS-BUILT

Orientation EBSD Phase Fraction (%)

Al Si Mg2Si Zero solution

A (0◦) 2.02 8.52 1.04 88.42
B (45◦) 8.80 54.17 1.19 35.84
C (90◦) 11.48 37.23 3.47 47.82

STRESS RELIEVED

Orientation EBSD Phase Fraction (%)

Al Si Mg2Si Zero solution

A (0◦) 8.13 29.13 3.20 59.54
B (45◦) 3.09 10.15 1.67 85.09
C (90◦) 11.56 37.49 2.57 48.38

In Table 3, 0◦ orientation samples, before stress relief had a minimal amount of the main elements
and a high percentage of zero solution. After stress relieving an increase in aluminum and especially
silicon was observed on the surface of the sample, this supports the observation made in Figure 1 OM
images. The 45◦ orientation showed a huge fraction of silicon element and a significant amount of
aluminum before stress relieve. After stress, a huge rise to zero solution is seen. On the other hand
90◦ orientation showed to have an insignificant change before and after stress relieve with a drop in
the Mg2Si as compared to other orientations. During the SLM process, Mg2Si appeared upon final
solidification while appearing beneath solidus temperature below equilibrium circumstances. Mg
generally melted into the aluminum matrix considering that it was not present as any intermetallic
phases during solidification at equilibrium as stated by Tang et al. [20] then the increase of Mg2Si and
silicon after heat treatment was caused by the precipitation onto the surface.

Figure 2 shows the pictures of the electron backscatter diffraction results as-built and after
stress relief.
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Figure 2. EBSD of AlSi10Mg samples at the Energy Dispersive Spectroscopy (EDS layer image,
orientation A (a) and (d), orientation B (b) and (e) and orientation C (c) and (f), as-built and post stress
relief respectively).

Figure 2a showed cellular and dendritic growth, which was also observed in the optical
microstructure. Wu et al. [22] attributed these cellular growths as long cells that are formed as
a result of cooling conditions in place of dendrites. The dark region seen in Figure 2b,c was drastically
eradicated in Figure 2e,f, where more silicon and aluminum were visible. These dark regions, according
to Wu et al. [22] and Mathe et al. [6], are aluminum grains that also contain Al–Si eutectic, which is
difficult to distinguish from cell boundaries because of the disappearance of diffraction data. Figure 2d
has developed roughness on its surface that looks “pimple” like as compared to Figure 2a before stress
relief. The same roughness was observed in the optical microstructures.

Heat treatments at high temperature can encourage the combination of second phases as well
as change in distribution of those phases [23]. This was observed in Figure 2c after stress relief.
In these samples, the columnar and equiaxed grains were observed before stress relief. These have
been proposed to be formed directly by solidification that takes places as cellular dendrites as a
consequence of rapid cooling with little information for the mechanism of formation [22,24]. In the
optical microstructure, it was stated as silicon segregation to the grain boundaries as a result of rapid
cooling [19]. Aboulkhair et al. [25] and Li et al. [23] proposed that these silicon rich boundaries isolated
by the aluminum grains and the cellular structure are the fine eutectic composed of aluminum grains
with silicon particles. Longer columnar grain sizes after stress relief are seen even though they were
covered by the black region. In Figure 2f some Mg2Si precipitation was also observed and the silicon
phase that was more visible on the as-built samples, while after stress relief it seemed to fade.

Wu et al. [22] stated that the reason SLM processed AlSi10Mg is optimum in strength is because
the larger aluminum regions contains silicon particles, which are surrounded by the thick eutectic
boundaries that prevents dislocation movement inside the aluminum grains. In these pictures, it
is observed that the dark lines seen before stress relieved are removed. These dark lines were also
observed by Mathe et al. [6] for SLM produced AlSi10Mg, which were attributed as shear bands that
are caused by the shear strain from the manufacturing process. Grain refinement was also observed on
the samples after stress relieving.



Metals 2019, 9, 1216 7 of 15

3.5. Tensile Strength after Stress Relieving

To determine the effect that build directions have on the mechanical properties of post stress relief
tensile specimen tensile measurements were performed. The average values of triplicate measurements
are presented in Figures 3 and 4. In the previous study of the as-built AlSi10Mg SLM samples [16],
orientation 90◦ had the highest ultimate tensile strength compared to the other orientations. After
stress relieving, the Ultimate Tensile Strength (UTS) values dropped drastically from 420–470 MPa
as-built, [16], to 110–160 MPa. The same was observed also for the modulus values in Figure 3b.

Figure 3. The illustration of (a) Ultimate Tensile Strength UTS variation and (b) modulus of elasticity
for the Selective Laser Melting (SLM) processed AlSi10Mg samples as a function of build direction.

Figure 4. The illustration of (a) yield strength and (b) elongation for the SLM processed AlSi10Mg
samples as a function of build direction.

In Figure 3a, 0◦ and 90◦ orientation exhibited the higher UTS values compared to 45◦ orientation.
This is in contrast with the as-built samples where the 0◦ orientation had the lowest UTS value and the
90◦ orientation still had the highest value. The drastic decrease in the mechanical properties of the SLM
produced has also been observed by Brandl et al. [15,19], for the same material, which they attributed
to the changes in the grain structures and phases of the samples present when heat treatment occurs
above the eutectic temperature.

The yield strength results in Figure 4a showed higher values for the 0◦ and 90◦ orientation, with
the values ranging from 61–96 MPa. The 90◦ orientation was ductile but could only endure elastic
deformation up to just below 88.1 MPa, this might be because of the number of pores suffered by the
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material for the as-built samples [16]. The yield strength of the 45◦ orientation was radically dropped
by a magnitude of approximately 4.3 times to 108 MPa. Figure 4b showed the elongation results of the
samples after stress relieving, where for all the build directions the elongation increased significantly
from 6.25–7.25 mm as-built [16] to 12.5–23 mm post stress relief. This means with stress relief the
ductility of the material is drastically improved. The effect of post build stress relieving in this case
had both a negative and positive impact with the most improvement seen for the elongation.

Represented graphically in Figure 5a are the stress–strain curves of the tensile tests after stress
relieving. All the samples after stress relieve experienced Lueder’s bands during tensile testing (see
Figure 5b), which was a result of high total elongation before fracture. This phenomenon occurs
when a specimen that cannot yield to the given load, yields, which is also known as discontinuous
yielding [3,7], the behavior is typically observed in the area where an increase in strain occurs without
an increase in stress. It was observed in the comparison of mechanical properties that before stress
relieving the samples had more strength and less ductility [16], however, after thermal treatment, in the
attempt to acquire ductility, strength was compromised.

Figure 5. Showing Batch A, B and C (0◦; 45◦ and 90◦) samples, (a) tensile strain and (b) extension.

Zhang et al. [26] determined that stress relieve reduces the strengths and fatigue properties of the
alloy significantly due to reduced solid solubility and the precipitation of the fine silicon as well as
the demolition of the fine sub-structures within the aluminum grains. Li et al. [23,27] stated that even
though heat treatment is required for quality improvement of a part by microstructural refinement,
it has been found to decrease the UTS while increasing the ductility. This is as a result of the silicon
trapped in the aluminum matric that precipitates to the grain boundaries, reducing the solid solution
strength [12].

Rosenthal et al. [28], also reported a decline in the ductility that is inversely proportional to the
strain rate, which suggests the effects of confined strain rate hardening had not taken place, and that the
existence of the silicon phase could be predominantly the reason for this conduct. Brandao et al. [29]
used stress relief to prevent the residual stress from distorting the components. The effect was the
same as in this work, as it led to a drastic decrease in the static yield strength.

3.6. Fractography Analysis

Figure 6 illustrates the SEM morphology of the fractured surfaces from the tensile specimens
before and after stress relieving. Figure 6a showed dense and smooth surface for the 0◦ orientation
as-built samples, with fracture defects observed. Fracture observed to begin from the one end of the
structure propagating to the other end.
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Figure 6. SEM morphology of SLM produced AlSi10Mg samples, orientation 0◦ (a) and (d), orientation
45◦ (b) and (e) and orientation 90◦ (c) and (f) as-built and post stress relief respectively.

The stress relieved samples, (Figure 6c–f), showed dimples, which illustrated the ductility that
was desirable for the manufacturing of industrial parts, but in this case the tensile testing strength
was proven to have been compromised. There was also an increase in the number of surface pores
observed on the stress relieved samples compared to the as-built samples, which was in support of the
Archimedes density and porosity results presented in Table 1.

Various defects were observed for the as-built samples, for instance in Figure 6b, ballus defects
were observed and Dheyaa et al. [30] explains these ballus defects, marked with yellow arrows, to be
unmolten or partly molten powder. According to Read et al. [13,31], these unmolten powder particles
are a result of thick oxides layer existing on the particles, which did not allow full consolidation during
processing. Defects such as unmolten powder and pores (marked in red), impacts the fatigue life of a
component severely by reducing the effective load bearing area thus causing stress concentrations that
consequently form static and dynamic strength reduction [15]. In Figure 6e, post stress relieving for
the 45◦ orientation samples, the unmelted powder disappeared but there seemed to not be an apparent
improvement in the mechanical properties. This was observed in the tensile results for orientation B,
which had the highest elongation post stress relieve.

Figure 6c (90◦ orientation) specimen showed a ductile fracture with dimples, which suggests
forced fracture. It was determined that there were micro-cavities formed where there were defects
visible in Figure 6d–f post stress relieve [15,25,31,32]. These micro-cavities lead to more micro-cavities
that join together to cause a fast growing tear in the structure. The tear spreads laterally to the interface
between the melt pool core and the boundary, constantly along the fracture sides. This is due to the
fact that the melt pool boundary is weaker than the melt pool core, containing a coarser microstructure
and minimal content of silicon for the reduced grain boundary, which were also observed on the OM
and EBSD microstructures. Overall post processing by stress relieve has shown the microstructure of
the fracture surfaces of all three different orientations were similar. Ductility dimples are virtually the
same with voids that develop and merge together. Zaretsky et al. [33] believe that the homogeneous
spreading of sites is suitable for void nucleation all over the sample and these are the characteristics of
SLM processing.
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3.7. Fracture Toughness and Fatigue Crack Growth Rate Analysis

The stress relieved samples for the 90◦ orientation were further analyzed for fracture toughness
and crack growth in order to determine the effect that the heat treatment process has on the properties.
One orientation was chosen because all samples after stress relieve exhibited more or less the same
mechanical properties. The samples were machined to dimensions specified in Scheme 1 and ASTM399,
before undergoing the tests. According to Rosenthal [34], as-built AlSi10Mg relative to traditionally
produced AlSi10Mg exhibited inferior fracture toughness properties so the samples were stress relieved
before testing.

Figure 7 was plotted based on the Paris equation: da/dN = C (∆K)m and the three states were
marked in the graph. The Kq obtained were 29.51, 30.47 and 29.99 MPa.m1/2 for samples 1 to 3
respectively according ASTM399 standard for fracture toughness. Results show correspondence with
those of Rosenthal [34], which were 30.4 MPa.m1/2 after stress relieving. These results show that even
though the stress relieving profile use in this case resulted in a decline in strength, it increased the fatigue
life of the samples as presented in Figure 8. The samples have dimple fractures, which Kobayashi [35]
equated to nucleation–growth–coalescence of voids. According to Brandl [15], additively manufactured
AlSi10Mg demonstrated an increase in fatigue life after thermal treatment compared to cast AlSi10Mg.

Figure 7. Fracture toughness results of the SLM produced AlSi10Mg samples.

A representative sample was chosen from the three samples and is presented in Figure 8; it shows
the propagation until the edge of the sample. The cleavage fracture was observed in these samples
as “particle like” brittle phases where there were holes. These are called Griffith-like-microcrack as
studied by Ruggieri and Dodds Jr. [36]. This is the microcrack that is nucleated then promptly spreads
into the inner grain boundary to cause a fracture when it is not blocked by any obstructions in the
grain boundary. It was observed in the gentleness of the steep of the graph in Figure 7 that the fracture
was gradual. Therefore these samples failed due to nucleation overpowering various consecutive
obstructions in the grains structures [37].
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Figure 8. Illustration of the three fracture toughness samples (a), (b) and (c), SEM images of the SLM
produced AlSi10Mg built in 90◦.

The fatigue crack growths results show that the samples were able to sustain the load for up to
75,000 cycles. The samples exhibited brittle propagation then dimples where it seemed to have tried to
endure further before yielding to cracking. Aluminum alloys exhibited ductile fracture that formed
dimples even though formation of dimples is dependent on shape, properties, volume fraction and
condition of the particle matrix [35].

Figure 9 presents fatigue sample 1 (a,b,c), sample 2 (d,e,f) and sample 3 (g,h,i) of the fatigue crack
growth sample. It was observed in sample 1 numerous pores that were anticipated to have assisted the
crack to grow faster relative to sample 2 and 3.

Figure 9. Crack growth rate results of the SLM produced AlSi10Mg samples.

There seem to have been an increase of propagation possibilities even after a certain number of
obstructions in the grain structure that arose from the pores [35,36] resulting to rapid failure. Samples
3 displayed a smoother propagation before fracture relative to the other two samples as also observed
in Figure 10. Defects and pores at most were mainly the cause of rapid failure on components since



Metals 2019, 9, 1216 12 of 15

generally cracks were initiated where there were defects of some sort in the structure such as oxides in
the case of SLM produced AlSI10Mg [37].

Figure 10. Crack growth rate SEM results of the SLM produced AlSi10Mg samples where ((a–c) is
sample 1, (d–f) is sample 2 and (g–i) is sample 3).

4. Conclusions

The results of this work substantiated the anisotropy, which is the demonstration of different
mechanical properties in different axis, in SLM produced tensile samples even post stress relief. There
was an increase in the porosity post stress relief due to the softening of the microstructure subsequent
to the precipitation of silicon and Mg2Si during the heat treatment process. Stress relief, however,
proved to deteriorate all the mechanical properties accomplished by the SLM process except for the
improvement in the ductility/elongation and fatigue life. However, fatigue crack growth and fracture
toughness showed that these mechanical properties could be suited for certain applications even
though there is a need for the development of the stress relief thermal treatment suitable for additively
manufactured materials. SLM produced AlSi10Mg showed to have fatigue resistance after stress relief
due to its ductility that could endure pressure from the loading. It is suggested that post SLM thermal
treatment for AlSi10Mg be further explored, since seemingly most of these thermal treatments as
explored by other researchers’ as well demonstrated poor results. Perhaps, looking into developing
post SLM rules for heat treatment as compared to using the conventional method rules for SLM
produced samples.
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