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ABSTRACT
The optimization of mechanical properties with thermal postprocessing treatments was
investigated in this study across a wide variety of variants. The relationship between heat
treatments and the impacts on the mechanical properties and microstructure of printed materials
is a crucial part of additive manufacturing. As a result, the current paper provides a
comprehensive overview of postprocess heat treatments for Laser Powder Bed Fusion fabricated
AlSi10Mg alloy, including stress relief anneals at 190 and 285 degrees Celsius for 2 hours, hot
isostatic pressing at 515 degrees Celsius for 3 hours, hot isostatic pressing + T6 treatment for 6
hours, and final aging at 177 degrees Celsius for up to 1000 hours. This resulted in 40
experimental variants: 20 in the vertical tensile direction and 20 in the horizontal. The resulting
mechanical properties (ultimate tensile strength, yield strength, and elongation) as well as stress–
strain curves are examined after tensile testing to compare all variants. The as built and stress
relief anneal conditions were dominated by ultra-fine cellular, micro dendritic structures (0.6–1.2
μm) and melt-band structures. In contrast, 10 μm, equiaxed, recrystallized grain structures and
pseudo-eutectic silicon particles with varied sizes and size distributions dominated the hot
isostatic pressing and hot isostatic pressing + T6 conditions. The results of microhardness and
fractography matched their respective heat treatment and microstructure. Heat treatment
comparisons and correlations are offered to facilitate the selection of design solutions for highperformance applications.
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CHAPTER 1: INTRODUCTION
Additive manufacturing (AM) employs a layer-by-layer approach in comparison to
traditional manufacturing technologies. This idea for manufacturing has widen the scope of
possibilities for the creation of manufactured products. As such, AM technologies have been
developed to meet the requirements of these products, and as a result, a rapid growth towards the
research of these technologies has been supported from both academia and industry [1]. AM has
several advantages over traditional production technologies. Benefits such as design freedom
have helped the user to shorten the product cycle time and improve the Process efficiency. [2].
These advantages have aided AM's growth as a viable manufacturing option. However, AM has
several drawbacks that necessitate additional investigation. Distinct Processes have different
limitations. Defects can be connected to Process factors as speed, power, hatch spacing, and
layer thickness in Laser Powder Bed Fusion (LPBF). Lack of fusion, gas porosity, inclusions,
and microstructural inhomogeneity are some of the flaws. If these flaws are not rectified, cracks
can form and spread, resulting in premature failure. As a result, determining the precise settings
for an LPBF construction is critical. Factors such as the material, printer, and design of the
overall part all affect the outcome of a build[3].
Two of the most important parts of a build are the laser speed and power parameters. As a
result, variants of these two parameters are often included in trial builds to evaluate which
parameters were the most beneficial. On the samples, metallography and density tests can be
used to approximate the effectiveness of each parameter variation. The builds can begin after a
set of settings has been chosen.
Heat treatments are required for AM components, according to several investigations.
These heat treatments aid in the homogenization of the parts' mechanical characteristics and
1

microstructures. Furthermore, artificial aging has been found to create fine precipitation,
resulting in increased strength and temperature stabilization. [4]. As a result, different thermal
treatments and aging schedules applied to LPBF parts are worth investigating to gain a better
understanding of the printing press and the material. ASTM F3318-18 details these heat
treatments for the alloy AlSi10Mg. A very common type of heat treatment is the Stress Relief
treatment are necessary to help alleviate the internal stresses. In addition, stress relief can be
performed at different temperatures. Other heat treatments include Hot Isostatic Pressing (HIP)
and the T6 Heat treatment. On AM parts, the HIP technique is often used to reduce porosity and
improve density. High temperatures and pressures are applied to the fabricated part. The T6 heat
treatment will reduce strength, but in turn ductility will increase. Furthermore, due of the
influence on mechanical characteristics, artificial aging has become a frequent postprocessing
treatment for Al-Si alloys. [5]. In this overview, additive manufacturing, the Process of LPBF,
heat treatments, microstructure, and mechanical properties are explored.

1.1 AlSi10Mg
Over the last few decades, Al–Si alloy castings, particularly AlSi10Mg, a hyper-eutectic
lightweight (2.67 g/cm3 density) and low melting point (570–590 °C) alloy, have seen a wide
range of engineering uses. Fabrication of machine parts, various heat exchanger designs, wheels,
fuel pumps, timing gears, and a variety of other automotive components, as well as a wide range
of light-weight aircraft components, are just a few examples [6,7]. Porosities and other undesired
flaws are common in Al–Si based castings, including high-pressure die castings, limiting heat
treatment for optimizing the needed component mechanical qualities. Many applications, such as
heat exchangers, have complicated geometries that are difficult to accomplish in single castings.
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These restrictions have been largely overcome with the introduction of additive manufacturing
during the last 15 years, particularly with Laser Powder Bed Fusion (LPBF) fabrication.
Furthermore, it has been demonstrated that LPBF of AlSi10Mg alloy produces parts with
nominal yield stress (YS) values of 300 MPa, compared to 170 MPa for cast parts [6–9].
Many studies of the mechanical properties (room temperature (25 °C) tensile properties)
of AlSi10Mg alloy after LPBF fabrication, in particular, have involved a wide range of
postprocess heat treatments, including stress-relief (SR) anneals at temperatures ranging from
200 °C to 540 °C for 1–2 h(h), solution treatments up to 550 °C for 2 h, Hot Isostatic Pressing
(HIP) in 100 MPa nitrogen environment at temperatures up to 525 °C for 2 h, and tempering or
aging up to 530 °C at holding times up to 10 h (T6 temper), as well as other combinations [8–
19]. In L-PBF Processed samples and postprocess heat-treated samples, these heat treatment
schedule modifications have created a diversity of microstructures and associated mechanical
properties. The mechanical properties of these studies have a range of results. The yield strength
has been reported to be approximately 300 MPa and the ultimate tensile strength,480 MPa.
Elongations can range from 5 to 8% which when heat-treated become: (YS) 80–170 MPa, UTS
100–190 MPa and corresponding elongations ranging from 6 to 24% [8–19]. Variations in
recrystallized grain sizes, particularly a wide range of eutectic Si particles with varied
morphologies, sizes, and size distributions, dominate postprocess heat treatments [13,14,16].

LPBF-fabricated ALSi10Mg products were found to have a UTS of 430 MPa and a 5.3
percent elongation [18]. The UTS reduced to 170 MPa after 2 hours of solution heat treatment or
solution anneal at 550 °C, while the equivalent elongation rose to 24 percent. The YS of the
LPBF ALSi10Mg alloy specimens was 250 MPa, while the UTS was 410 MPa, with an
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elongation of 7.7%. When stress-relief (SR) annealed, however, the YS, UTS, and elongation
were reduced to 150 MPa, 250 MPa, and 7.8%, respectively [12]. The YS, UTS, and elongation
of the as-fabricated product were 260 MPa, 310 MPa, and 5.7 percent, respectively, after heat
treatment with SR+HIP+T6 [12]. For LPBF-fabricated ALSi10Mg specimens, [20]compared SR
and SR+HIP postprocess heat treatments: 300 °C for 2 h plus a treatment of 521 °C for 2 h. The
SR-treated specimens had a maximum UTS of 190 MPa and a corresponding elongation of 7%,
whereas the SR+HIP samples had a maximum UTS of 110 MPa and a corresponding elongation
of 24% [20]. Tensile testing of LPBF-fabricated AlSi10Mg alloy was conducted at temperatures
ranging from 25 °C to 400 °C with 0.5 h hold periods in a recent study [21]. The YS, UTS, and
elongation were measured at room temperature (25 °C) and found to be 320 MPa, 460 MPa, and
6.9%, respectively. Tensile testing at 400 °C, on the other hand, drastically changed these
parameters, yielding YS, UTS, and elongation of 25 MPa, 30 MPa, and 75 percent, respectively
[21].
In addition, the impacts of both hot and cold build platforms on LPBF-processed
AlSi10Mg have been investigated by [22]. The cold platform method followed by T6 temper
resulted in reduced mechanical characteristics (YS and UTS) and increased elongation, which is
consistent with many other investigations [9,13,15–17]. Final heat treatments including aging at
low temperatures for long periods of time, as is typical of the T6 temper, can have significant
effects on Si precipitate (particle) distribution in AlSi10Mg, particularly Si coarsening. This is
aided by grain development and dislocation annihilation at high temperatures during earlier heat
treatment, resulting in an Al matrix-Si particle composite [13,14]. It was also recently discovered
that following T6 tempering, the thermal conductivity of LPBF-fabricated AlSi10Mg improves
by 44 % [23].

4

A wide range of particular and comparative heat treatments of LPBF-fabricated
AlSi10Mg alloy are investigated in this work, all of which are concluded by aging at 177 °C for
0, 10, 100, or 1000 h. The following are five postprocess heat treatment schedules:: as-fabricated
samples, stress-relief (SR) anneals at 285 °C (SR1), or 190 °C (SR2) for 2 h, HIP at 515 °C for 3
h, and HIP+T6. Optical metallography (OM) is used to characterize the resulting
microstructures, and associated mechanical properties, such as room temperature tensile tests and
Vickers micro-indentation hardness (HV) measurements for both vertical and horizontally built
tensile specimens, are carried out for each of the five heat-treatment regimens, including the final
four aging times. Most previous studies of heat-treated LPBF-fabricated ALSi10Mg alloy
compared the as–built characteristics to one or two heat-treatment protocols for a total of three
experimental variants [9,12–17]. In this manuscript, the tensile properties of 20 experimental
variants are measured in both vertical and horizontal made specimens, for a total of 40 variants.
These detailed heat treatment schedules and comparisons offer previously unseen design options
for adjusting a wide variety of mechanical properties in LPBF-fabricated ALSi10Mg alloy
applications.

1.2 Motivation
Report on the fabrication of AlSi10Mg parts subjected to various heat treatments and
aging schedules. For the first time, compare mechanical properties and microstructures of all
ASTM F3318 heat treatments and additional aging. Further the understanding of AM and
postprocessing.

5

1.3 Thesis Objectives
•

Obtain the most optimal L-PBF AlSi10Mg printed parts.

•

Characterize and analyze AlSi10Mg microstructures and mechanical properties

•

Compare the effects of the various thermal treatments and final aging.

CHAPTER 2: LITERATURE REVIEW
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2.1 Powder Bed Fusion

2.1.1 LASER POWDER BED FUSION
Laser Powder Bed Fusion (LPBF) is an AM technology that has become one of the most
prominent forms to create a 3D object especially on that has to meet quality and engineering
standards. LPBF goes under the category of Powder Bed Fusion (PBF) technologies along with
Electron Beam Melting.[24] The powder delivery system in laser powder bed systems comprises
of a roller or rake that transports powder to a powder bed. As a result, the powder bed platform is
lowered to provide room for the roller to deposit another layer. A laser selectively melts or
sinters the layers between layer formation to make the solidified portion. To prevent in-situ
oxidation, these devices use an inert gas [25]. In most cases, argon is utilized as the inert gas, but
nitrogen can also be employed. A set of lenses directs the laser beam, which is then reflected by
a mirror to regulate the desired path's directions [26]. Because of the inconsistent heating and
cooling speeds of the process, residual stresses are a prevalent problem with LPBF parts [27].
Another major issue with LPBF production is porosity. Fusion errors, gas, and shrinkage pores
all contribute to porosity. Low laser energy density causes incomplete remelting of the last layer,
resulting in fusion errors. Entrapped gas in the powder particles causes gas pores, while
shrinkage defects are produced by a lack of liquid metal during solidification [28]. Figure 1
illustrates a general L-PBF schematic.

7

Figure 1. Laser Powder Bed Fusion Schematic [29]
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2.1.2 ELECTRON BEAM MELTING
Another Powder Bed Fusion technology is Electron Beam Melting (EBM). The electron
gun is the major feature that distinguishes an EBM machine from an LPPBF machine. This gun
has a better plug efficiency than a laser beam system and runs at 4kW. In general, the machine
works similarly to LPBF in that a layer of powder is uniformly dispersed by the rake [30].
However, there is a variation in the print environment, which demands the printing to be
conducted in a vacuum. The vacuum in the printing room prevents air-electron interaction, hence
this environment is required. This is because the beam energy can be reduced as a result of the
air-electron interaction interfering with the electron beam's movement [31]. Another difference
between EBM and LPBF is that EBM prints are produced at higher temperatures. As a result,
stress relaxed parts, as well as improved material, mechanical, and chemical properties, are the
end products [32]. EBM's primary focus is on refractory and resistant materials. Because the
furnace chamber operates at low pressures of roughly 0.133Pa, refractory metals are employed.
Controlling solidification is a significant benefit of the EBM system. This is possible because the
electron beam can be directed and deflected considerably more precisely and quickly than the
thermal diffusion speed [33]. Figure 2 illustrates an EBM system schematic.
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Figure 2. Schematic of Electron Beam Melting [34]
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2.2 Directed Energy Deposition
Directed Energy Deposition (DED) is a method of additive manufacturing in which the
material and heat input are both added at the same time. Melting the material can be done with a
laser, electron gun, or plasma arc. Unlike LPBF, DED can employ wire as a material feedstock
rather than just powder. The nozzle of the printer moves and deposits the material, which is
melted using a focused energy source. Because not all of the powder is used when printing,
utilizing wire has a greater deposition efficiency [35]. When employing a laser or an electron
gun, DED, like LPBF and EBM, requires the same conditions. For lasers and electron guns, an
inert atmosphere as well as a vacuum can be used in a DED machine respectively. DED is also
commonly used to repair or add more material to an existing part [36]. Printing on curved
surfaces is also possible with some DED equipment. This is because the machines can directly
inject metal powder and have a 4-5 axis arm. DED also has the advantage of not being restricted
by print volume, depending on the machine. A great deal of work has gone into developing the
ability to print massive metal parts [37]. In comparison to LPBF, parts can have residual stresses,
requiring the use of post-treatments as well. Surface roughness is also increased with DED
particles due to their bigger size. [38]. Figure 3 illustrates a DED schematic.
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Figure 3. Schematic of Directed Energy Deposition [39]
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2.3 Laser Powder Bed Fusion Obstacles
LPBF has made incredible progress, but there are still significant obstacles to face.
Residual stresses, as previously stated, continue to be a stumbling block for an LPBF fabricated
part. The quick solidification caused by the variable cooling rates causes these residual stresses
to develop. Distortion and cracks can occur because of these stresses. These flaws are
undesirable because they compromise the part's performance. This problem has been partially
solved by heating the building platform. [40]. Another issue is the different microstructures that
different thermal histories produce. These varying microstructures can have an impact on a part's
performance. The Finite Element (FE) approach is one answer to this problem. Thermal history,
melt pool geometry, and residual stress can all be monitored using FE models. These models can
help to explain these factors better, which can lead to positive changes in parameters and printers
[41]. The oscillation of the vapor depression in the molten melt pool causes keyholing, a kind of
porosity. Keyhole porosity can be detrimental to a part's fatigue and crack resistance. The
keyhole porosity procedure is depicted in Figure 4. Fortunately, high energy density can prevent
these flaws or at the very least reduce them [42]. Balling, on the other hand, is a fault that can
emerge when two mechanisms interact. The first is an unstable melt pool flow, while the second
is low laser power. These two operations can result in an uneven laser track surface, making it
very difficult to spread a layer evenly throughout the platform. Balling can lead to an increase
in surface roughness, cracking, and porosity [43].
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Figure 4. Schematic of Keyhole Porosity [44]
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2.4 Heat Treatments
Because the characteristics of a material can drastically increase or decrease depending
on the treatment, understanding the effects of heat treatments are critical to its processing. As a
result, it is essential that these treatments and their effects be investigated further, as the
development of materials is dependent on this research. Postprocessing has become a necessary
step in AM for parts to compete with cast or wrought parts, hence fabrication concerns must be
addressed. In AlSi10Mg, the α-Al is highly oversaturated due to the high cooling rates during the
fabrication, creating a hardening effect int the process [45]. Furthermore, due to the heated
environment of the chamber, artificial aging occurs while fabrication is ongoing. The produced
part hardens because of this, making the as-built components the strongest and hardest, but also
the most brittle. As a result, heat treatment is required to alleviate or reduce this occurrence. A
good example of this is annealing because the microstructure will homogenize and remove
segregation in the composition of the material. Fugue 5 illustrates this phenomenon by showing
the effect of the homogenization on the microstructure. However, the initial hardness and
strength of the material will be lost after annealing [46]. The anisotropy of mechanical properties
of printed parts is another issue that heat treatments can help with. The thermal cycling effect of
layer-by-layer deposition, for example, can produce a mixture of tempered and untampered
bands in LPBF martensitic steels. As a result, parts printed perpendicular to the built direction
have a greater UTS and poorer ductility than those printed parallel to the built direction. As a
result, heat treatments are utilized to improve mechanical qualities, increasing the viability of
using these materials in industry [47]. Inconel 625 manufactured by LPBF is another example.
For high-temperature applications, this alloy is frequently employed. However, as previously
stated, LPBF causes residual strains that can result in a premature fracture. As a result, heat
treatments are employed to alleviate these strains. Furthermore, heat treatments will enhance
grain development and phase precipitation, hence enhancing mechanical characteristics [48].

15

Figure 5. Stainless Steel 17-4 a) As built b) Homogenized[49]

16

2.5 Artificial Aging
Artificial aging is an important post-processing procedure. Because of their high strengthto-weight ratios, this heat treatment aids in the precipitation strengthening of certain aluminum
alloys. For example, a thorough understanding and management of the aging process in a
specific alloy can aid the user in predicting the types of precipitates that will emerge and, as a
result, the alloy's mechanical properties after the treatment [50]. In some aluminum alloys, other
qualities such as fatigue crack propagation resistance can be reduced by artificial aging. Because
the mechanisms are not completely known, artificial aging should be used only after the effects
on the microstructure and properties have been thoroughly investigated [51]. Artificial aging for
LPBF manufactured components has the advantage of homogenizing the microstructure,
dendrites, and heat affected zones, like heat treatments. Furthermore, the Si particles can be
changed into a globular-like figure in the microstructure, particularly in the AlSi10Mg alloy;
however, this phenomena is mainly observed at temperatures above 200 degrees Celsius [52].
Many aluminum alloys are aged artificially at temperatures as low as 155 degrees Celsius.
Microstructural characteristics of the LPBF manufacturing can be erased at this point in the
process, but Si precipitates will grow. Figure 6 depicts this process as it relates to aging at
various temperatures. Precipitates of Mg2Si will also occur. These are the artificial aging
mechanisms that can improve the hardness and strength [53].
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Figure 6. Illustration of microstructures changes in Si particles after aging[54]
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2.6 AlSi10Mg Applications
Because of its outstanding castability and weldability, the alloy AlSi10Mg is commonly
employed as a casting alloy. It also has great qualities including strong thermal conductivity,
corrosion resistance, and heat resistance. All these characteristics make the alloy suitable for
products; nevertheless, the alloy's lower coefficient of thermal expansion is the key factor in its
success in LPBF production. A low coefficient of thermal expansion means improved
dimensional accuracy, better mechanical qualities, and less crack formation during the printing
process [55]. Alsi10Mg has been a popular contender for LPBF manufacturing due to these
features. This alloy is used in a variety of industries, including aerospace and automotive. A
reusable clamping device, for example, is a vehicle-specific adaption. This device is used to link
or rework important elements of an assembly in an automobile, such as the shock absorber
(shown in Figure 7), which is made up of two components joined together [56]. This device is
also better to the casting alloy counterpart in that it can be created faster and at a lower cost than
setting up a manufacturing line. Furthermore, the LPBF manufactured item will have greater or
comparable mechanical properties [57], and LPBF fabricated Al alloys have one further
advantage. The fine microstructure produced by these alloys improves mechanical
characteristics. Despite several drawbacks, such as anisotropy of mechanical properties in
relation to build orientation, AM and aluminum have a bright future [58]. The performance of
this alloy in industrial applications is dependent on research findings, thus determining its
competitive potential is essential. The usage of AlSi10Mg in electrical applications is another
example. Once the printed object has been heat treated, the electrical resistance of 3D printed
wires is comparable to casting. This application is still being researched, but it has already been
optimized to be competitive [59].
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Figure 7. AlSi10Mg printed clamping device for automobile application [56]
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2.7 AM and Aluminum
The aluminum alloy AlSi10Mg is one of the most researched for additive manufacturing.
Aluminum can be utilized in a variety of industries, which is why it is so popular. Aluminum
alloys are lightweight with a strong strength-to-density ratio. Furthermore, when compared to
castings, aluminum alloys have the benefit of having a microstructural enhancement when
printed because the LPBF process results in microstructural refinement, as previously mentioned.
Aluminum alloys, on the other hand, might be difficult to process using the LPBF method. This
is because of their high reflectivity, thermal conductivity and low lase absorptivity at some
ranges of wavelength [60]. It's also worth noting that while other high-strength Al alloys have
superior strength and ductility, Al-Si alloys have produced better printability. Lastly, during the
LPBF fabrication process, a disadvantage of these alloys is that they have a tendency to microcrack. [61].
The oxidation of aluminum is another issue with AM. Oxide films are easily formed and
cause the molten pool's surface to become passivated. As can be seen in Figure 8, this leads to
faults in the printed part. Furthermore, aluminum alloys are better at absorbing moisture than
other alloys. As a result, when the solidification process happens, hydrogen porosity is easily
formed, thus increasing the probability of crack propagation [62].
Finally, because aluminum and its alloys have a low melting point, finding a low melting
point binder material for Selective Laser Sintering can be difficult (SLS). To make a green part,
base metal powder is mixed with a binder and a low-energy laser is utilized; however, a post
procedure is required to remove the binder. This furnace infiltration must not reach the melting
point of aluminum, otherwise the part will be compromised structurally[63].
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Figure 8. Illustration of an oxide film during melting and after solidification [64]
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CHAPTER 3: EXPERIMETAL METHODS

3.1 Powder Feedstock
The powder utilized was a gas atomized AlSI10Mg provided by Valimet (AM 103 C
grade AlSi10Mg powder) (Stockton, California). A Retsch Camsizer X2 (Haan, Germany) was
utilized to study particle size and shape. This machine can yield dependable particle size
distribution and shape analysis. The stock powder had a particle size distribution of D10: 25.2
μm, D50: 38.6 μm, and D90: 59.2 μm. The shape and size morphology of powder particles of
AlSi10Mg are shown in Figure 9 and 10. All powders from the four prints are almost identical.
The morphology and size distribution of the powder feedstock were visually represented using a
JEOL JSM-IT500 (Tokyo, Japan).
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Figure 9. Particle Shape Distribution

Figure 10. Particle Size Distribution
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A visual representation of the morphology of powder particles of AlSi10Mg are shown in
Figure 11. All powders from the four prints are almost identical. A metallographic analysis of the
interior of the powder section reveals a mostly micro-dendritic alpha-Al structure with secondary
arm spacings of approximately 1 micron; with minimal porosity, as shown in Fig. 12.

a

b

Figure 11. AlSi10Mg powder SEM Images a) Low magnification b) High magnification
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10 μm

Figure 12. Powder Microstructure

The AlSi10Mg powder from Valimet has a chemical composition displayed in Table 1[65].
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Table 1. Chemical Composition of AlSi10Mg powder from Valimet

Element

Chemical Composition

Aluminum

Balance

Copper, wt. %

0.03 Max.

Iron, wt. %

0.40 Max.

Magnesium, wt. %

0.25-0.45

Manganese, wt. %

0.15 Max.

Silicon, wt. %

9.0-11.0

Titanium, wt. %

0.15 Max.

Zinc, wt. %

0.10 Max.

Others, Each wt. %

<0.05

Others, Total wt. %

<0.15
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3.2 Initial Process Validation
An initial process validation was executed to determine the best parameters for the
experiment. The M290 EOS Printer was used to perform these trials, which consisted of 16
cubes, each with a distinct parameter combination. The laser power and scan speed were the
parameters that were changed. The goal of these tests is to optimize material density, as these
two features are detrimental to a good build. The parameters for each variant are shown in Table
3. These cubes will be sectioned with an abrasive lubricated precision saw, mounted, and
polished after being removed from the build plate. Figure 15 shows the 16 cubes after they were
removed from the build plate. To determine the density, a microscope will be used to evaluate
the porosity and a pycnometer will be used to measure the volume. Photos of the as-polished
surface of cubes 2 and 9 are in Figure 13 and 14. The difference in porosity is evident,
demonstrating that the parameters in cube 2 are superior. Additionally, the X-ray fluorescence
spectrometry (XRF) was performed on the prints to confirm and compare the results with the
composition given by the company EOS. The Table 2 illustrates the AlSi10Mg composition from
the AlSi10Mg powder that was used from all the prints. It is important to note that the XRF may
be limited in its analysis when testing small samples like powder
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Table 2. Chemical Composition of AlSi10Mg powder tested with XRF

Element

Chemical Composition

Aluminum

94.16

Copper, wt. %

0.066

Iron, wt. %

0.182

Magnesium, wt. %

5

Manganese, wt. %

0.41

Silicon, wt. %

0.18

Others, Each wt. %

<0.05

Others, Total wt. %

<0.15
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Table 3. First trial of combination of printing parameters with their corresponding densities.

1st Test Build
Cube

Laser power mm/s

Scan Speed W

% Density

1

300

1500

99.6

2

335

1500

99.7

3

370

1500

99.6

4

300

1300

99.7

5

335

1300

99.5

6

370

1300

99.5

7

300

1000

99.4

8

335

1000

99.3

9

370

1000

98.6

10

285

1000

99.5

11

300

1000

99.4

12

305

1000

99.4

13

300

900

99.1

14

300

950

99.3

15

300

1050

99.2

16

300

1100

99.2
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Figure 13. Micrograph of as polished variant 2 from first trial

Figure 14. Micrograph of as polished variant 9 from first trial
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Figure 15. Variant cubes 1-16 from first print

Based on the density and porosity results of the first trial run, a new second run of samples will
be printed with 10 parameter combinations shown in Table 4. Afterwards, the same procedure
will be executed to determine the most optimal combination for the main project. Additionally,
photos of the as-polished surface of variants 3 and 7 are in Figures 17 and 18.

Figure 16. Variant Cubes 1-10 form second print
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Table 4. Second Trail of combination of printing parameters with their corresponding densities.

2nd Test Build
Variant

Laser power

Scan Speed

Density

1

300

1200

99.6

2

300

1330

99.7

3

300

1410

99.7

4

285

1250

99.7

5

315

1390

99.7

6

370

1400

99.6

7

370

1500

97.9

8

355

1300

99.6

9

345

1300

99.5

10

335

1500

99.6

With both results of the trial run, variant 4 from the 1st print has been selected as the
combination to print the rest of the print. This is because the combination of parameters of
variant 4 were provided by the company EOS as the ideal parameters. The percentage densities
of most of the variants were very close, and only a few variants showed a significant decrease in
density. Therefore, it was decided to use the recommended parameters as the densities did not
differ much.
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Figure 17. Micrograph of as polished variant 3

Figure 18. Micrograph of as polished variant 7
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3.3 Laser Powder Bed Fusion Systems, Setup and Fabrication
An EOS M290 (Kralling, Germany) was used to print the samples. The M290 is an LPBF
system with a 400 W Ytterbium fiber laser and a construction volume of 250 x 250 x 325. To
produce tensile test specimens, a total of 120 vertical cylinders and 120 horizontal bars were
made. The vertical cylinders were 14 mm in diameter and 80 mm in height. The horizontal
tensile bars were 14x17x77 mm in size, and each bar was sectioned into six separate bars. The
printed samples were printed in a total of four different prints. Additional parts were printed for
other projects and as extras for this current project. The Figures 19-22 show where each part was
placed in the platform in the four prints. It is important to note that not all the samples printed
were used for this project. In additions, Figure 23 shows the parts as printed from the first print
still attached to the build plate.

Figure 19. Layout of the first print

35

Figure 20. Layout of the second print

Figure 21. Layout of the third print
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Figure 22. Layout of the fourth print

Figure 23. First printed parts with build plate
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3.4 Process Parameters
The AlSi10Mg alloy specimens were printed on a bedplate that had been preheated to 80°
C. The scanning speed was set to 1000 mm/s and the laser power was set to 300 W. The hatch
distance was set to 0.13 mm. A striped pattern with a width of 7 mm and an overlap of 0.02 mm
was printed on the samples. The layer thickness was set to 30 μm. The Figure 24 illustrates the
EOS M290, the machine that fabricated all the parts.

Figure 24. EOS M290- Laser Powder Bed Fusion Printer
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3.5 Heat Treatment Parameters and Aging
The heat treatment schedules included aging of the AlSi10Mg specimens as-built and two
stress-relief treatments (SR1 and SR2), as well as HIP and HIP + T6 treatments. These heat
treatments were chosen from the ASTM F3318 – 18 [66].
•

SR1: 285° C (± 14° C), 120 min (± 15 min) hold, Air-cooled

•

SR2: 190° C (± 24° C), 120 min (± 15 min) hold, Air-cooled

•

HIP: 100 MPa, 510° C - 520° C, for 180 min (± 60 min)

•

T6: 530° C (±6° C), 360 min hold, quenched in water or glycol, aged at 160° C (±6° C)
for 360 min.

•

Aging times of 0, 10, 100 and 1000 hours to create 20 experimental variants as listed in
Tables 5 and 6.
Table 5 Heat Treatment Matrix

Variant

Heat Treatment

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

None
None
None
None
SR1
SR1
SR1
SR1
SR2
SR2
SR2
SR2
HIP
HIP
HIP
HIP
HIP + T6
HIP + T6
HIP + T6
HIP + T6
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Aging at 177° C
(hours)
0
10
100
1000
0
10
100
1000
0
10
100
1000
0
10
100
1000
0
10
100
1000

Table 6. Heat Treatment Parameters

Material Process
SR1
SR2
HIP
T6 (Annealing)
T6 (Aging)

Pressure
(psi)
None
None
14500
None
None

Temperature
(°C)
285
190
515
530
160

Hold Time
(min)
120
120
180
360
360

Cooling
Method
Air
Air
Inert ATM
Quench
Air

3.6 Specimen Test Preparation
Samples were machined out of the build plate. For identification, vertical printed samples
had labels engraved on the top. Horizontal printed samples, on the other hand, were printed in a
bar. There are six sample bars in each bar. To collect the six samples, each bar was cut with a
lubricated abrasive precision cutter. Each vertical and horizontal sample was entered into an
excel sheet and assigned to a different variant. Based on their position on the plate and different
print, the samples were carefully selected and positioned in each variant. This technique was
justified by the intention to randomize as many samples as possible, ensuring that a variant did
not contain samples from a single print or a single area of the build plate.

3.7 Microstructure Characterization
For metallographic investigation, tensile specimens from each variant were sectioned at
the unstrained threaded segments. The samples were sectioned to reveal the Y-Z, X-Z, and X-Y
planes. To make metallographic samples out of black epoxy, an ATM OPAL 460 hot mounting
press (Haan, Germany) was employed. An ATM SAPHIR 530 semi-automatic machine was used
to grind and polish the metallographic samples.
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The sample was prepared by grinding it with 320 grit silicon carbide grinding sheets at
300 rpm with 25 N of force under flowing water until it was on one plane. They were then
moved to an abrasive diamond disc and ground for 5 minutes at 150 rpm with 35 N of force
using a 9 m diamond suspension. Next, samples went on to a woven white wool fabric with a 3
m diamond suspension for 5 minutes at 150 rpm and 25 N of force. Finally, samples were
polished for 2 minutes at 150 rpm with 20 N of force using a neoprene polishing pad and 0.2 m
alkaline fumed silica.
Keller's etchant, which consisted of 5 mL Nitric Acid, 3 mL Hydrochloric Acid, 2 mL
Hydrofluoric Acid, and 190 mL Distilled Water, was used to reveal the microstructure [67]. For
a period of 5 to 10 seconds, the submersion procedure was performed. All optical micrographs
were collected with an Olympus GX53 inverted optical microscope (Olympus Inc., Tokyo,
Japan).
3.8 Density Measurements
With an Accupyc II 1340 Pycnometer, volume measurements were taken using the gas
displacement method (Norcross, United States). For each experimental version, the pycnometer
took five measurements. On a Sartorius CP124S weight balance, mass measurements were taken
(Sartorius AG, Germany). With the mass and volume measurements values, density was
determined.
3.9 Tensile Testing
All materials were subjected to uniaxial tensile strength testing using an MTS Landmark
(Eden Praire, US) servo-hydraulic system with a force capability of 100 kN. Threaded grips and
an MTS 30 mm axial clip extensometer were included in the system. All samples were machined
and threaded according to the ASTM E8 standard [68]. Until fracture, a displacement (strain)
rate of 0.9 mm/min was maintained. The results were averaged from six specimens for each
41

variant: 120 tensile measurements for 20 variants in the vertical (build) (Z-axis) direction and
120 in the horizontal (X, Y axis) direction. See Figure 25for a photo of the MTS Landmark.

Figure 25. MTS Landmark

3.10 Hardness Testing
The Vickers (HV) scale was used to test hardness on a Struers Duramin-A300 (Struers,
Cleveland, OH, USA). The samples built in the X, Y, and Z directions were measured in the Y-Z
plane, as well as the top section of the samples built in the Z direction. The measurements were
performed with a 100gf load and a five-second dwell duration. For each sample, three
indentations (6 diagonals) were made on the surface, spaced by at least one millimeter.
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3.11 Fracture Surface Characterization
Fracture characterization was performed on a Scanning Electron Microscope (SEM).
Tensile tested samples were taken into the chamber of the SEM, put under vacuum, and
analyzed. By scanning the sample with a focused beam of electrons, the SEM creates images of
the material's surface or topography. For the SEM to efficiently analyze all the samples, they had
to be roughly the same height. A macroscopic image of the material under a microscope is
shown in Figure 26. The SEM further scans this sample in high magnification.

Figure 26. As Built 0hr aging surface after tensile testing
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3.12 Grain Size Measurements
Grain size measurements were taken in accordance with ASTM E 112 test methodology
for calculating grain size measurements [69]. Drawing straight lines across grain boundaries until
100 intercepts were obtained was used to count grain boundaries. The As-Built, SR1 and SR2
samples were all counted using the same approach.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Microstructure Analysis and Discussion
It's important repeating the research's broad objectives: Each of the five heat-treatment
techniques (including the as-built AlSi10Mg components) was followed by aging at different
temperatures: 177 °C for times of 10, 100, and 1000 h, as well as unaged (0 h aging) specimens:
1) As-built; 2) and 3)-SR1 and SR2 (Table 5); 4) HIP; 5) HIP + T6 temper (Table 1). As a result,
20 alternative experimental versions or heat-treatment settings were created, as illustrated in
Tables 5 and 6. To compare and assess the microstructures, mechanical (tensile) characteristics,
hardnesses, and related parameters for this broad heat treatment design technique, it would seem
most effective to create direct comparisons of microstructures and their accompanying properties
and parameters, particularly stress-strain diagrams for the extremes in aging: 0 h or no aging, and
aging for 1000 h. Figure27 illustrate a preliminary low magnification photo of an As built
microstructure with 0 h of aging built in the XY direction. The signature melt pool classic of LPBF can be appreciated as well as the minimal porosity from the LPBF process [70–75]. These
melt pools can labeled into three section: the fine zone, the coarse zone, and Heat Affected Zone
(HAZ) [76,77]. Figures 28 and 29 illustrates low magnification photos of both Stress relief
treatments. The melt pools can also be appreciated, however SR1, which has the highest
temperature, has melt pools that are faint compared to SR2 which are identical to as built [78].
This is illustrated in Figs. 32 and 33 for both the vertical (Z-axis) tensile tests and horizontal
(XY) tensile tests, without aging. Correspondingly, Figures 34 and 35 depict the microstructuremechanical property comparisons for the five heat-treatment regimens after 1000 hours of aging..
The as-built Z-axis and X, Y axis microstructures (for no aging) were discovered to have
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noticeable melt-bands and a rather homogeneous ultra-fine cell structure with diameters of 0.75
μm, as illustrated in Figs. 32 (a) and 33(a). Although there is a minor coarsening of the cell
structure to 0.95 μm for the SR1 treatment illustrated in Figs. 32 (b) and 33 (b), the overall
microstructure is overall very similar to the as built samples. As seen in Figs. 32 (c) and 33, the
SR2 treatment at 190 °C had no discernible effect. Figures 30 and 31 illustrates low
magnification photos of HIP and HIP + T6 treatment. The signature melt pools have been
eliminated and a rich network of Si precipitates has formed [79–81]. The Si particle size appears
to be larger with the HIP + T6 treatment which supports the idea of decreasing solubility of Si
with higher temperatures [82]. After HIP and HIP + T6 treatments, the microstructures in Figs.
32 (a) to (c) and 33 (a) to (c) are entirely recrystallized and form continuous distributions of Si
particles in small (10 μm), generally equiaxed grains, as illustrated in Figs. 32 (d) and (e) and 33
(d) and (e), respectively. When comparing Figs 32 (d) and (e) and 33 (d) and (e), there is a
significant difference in Si particle sizes and distribution (interparticle spacing). When
comparing the related stress-strain graphs in Figs. 32 (f) and 33 (f), this anisotropy is also visible.
The stress-strain curves are labeled a) to e) and correspond to Figs. 32 (a) to (e) and 33 (a) to (e).
The UTS for the SR1 heat treatment drops significantly compared to the as built and SR2
treatments, while the elongation, more than triples. In contrast to the as built and SR treatments,
both HIP and HIP + T6 treatments show large variations (Figs. 32 (f) and 33 (f)).
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Figure 27. Micrograph of etched as built sample with 0h of aging at the XY orientation

Figure 28. Micrograph of etched SR1 sample with 0h of aging at the XY orientation
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Figure 29. Micrograph of etched SR2 sample with 0h of aging at the XY orientation

Figure 30. Micrograph of etched HIP sample with 0h of aging at the XY orientation
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Figure 31. Micrograph of etched HIP + T6 sample with 0h of aging at the XY orientation

The stress-strain graphs in Figs. 32(f) and (33) indicate the trends in mechanical (tensile)
properties. No aging is often followed by aging at 1000 h, as seen in Figs. 34 (f) and 35 (f) for
comparison. In addition, the microstructure trends provided in Figs. 32 (a) and 33 (a) to (e) are
also shown for comparison in Figs. 34 and 35 (a) to (e). In contrast to Figs. 32 (f) and 33 (f) with
no aging, there is a noticeable shift in the tensile strengths and elongations for HIP and HIP + T6
treatments aged for 1000 h in Figs. 34 (f) and 35 (f). For no aging, there is a decrease in strength
and a proportional rise in elongation. When the corresponding microstructures are compared, for
example, Figs 32 (e) and 33 (e) for no aging vs Figs 34 (e) and 35 (e) for 1000 h age, there are
noticeable differences in the largest Si particle size (4 μm versus 3 μm), respectively. For the
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1000 h aging specimens, reduced interparticle spacings of Si particles were observed (Figs. 34
(e) and 35 (e)).
In contrast to the apparent coarsening for no aging, the variance in precipitation (Si
particle) refinement for HIP + T6 treatment and aged at 1000 h can be compared with the
corresponding stress-strain diagrams shown in Figs. 32 (f) and 33 (f) and 34 (f) and 35 (f), where
the trending for vertical and horizontal tensile stress-strain diagrams is similar. Si particles are
strung along the alpha-Al grain boundaries, possibly acting as obstacles to grain boundary
movement, as shown in Figs. 33 (e) and 33 (e). Furthermore, because the grain boundaries are
significantly larger than the Si particles and their interparticle spacings, the Si particles should
dominate the mechanical (tensile) behavior of the HIP and HIP + T6 treatments, regardless of
aging. The related hardness values should similarly be dominated by these length scales.
Tables 7 and 8 compare and summarize the tensile properties (YS, UTS, and elongation)
for each of the 20 variants that make up the five treatment programs (Table 5), along with the
corresponding cell and grain size measurements, Vickers micro-indentation hardness (HV)
measurements, and densities which vary from 2.64 to 2.67 g/cm3 in no systematic way;
consistent with other research [12]. Tables 7 and 8 show that the Vickers hardness (HV) values
quantitatively correspond to the yield stress (YS) and UTS values. For example, the as-built, noaging sample in Table 7 has an HV 137 corresponding to YS and UTS values of 237 and 463
MPa, respectively, as opposed to HV 59 corresponding to YS and UTS of 88 and 144 MPa for
HIP and no-aging samples. When comparing Tables 7 and 8, it is also clear that there are
different degrees of anisotropy for vertical and horizontal tensile samples, as previously stated.
This includes several UTS and elongation outliers. The YS and UTS for as-built vertical (Z-axis)
specimens, for example, range from 237 to 231 MPa and 463 to 391 MPa, respectively, with
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corresponding elongations of 8% to 5%. These values, on the other hand, are 273 MPa to 248
MPa for the YS and 451 MPa to 372 MPa for the UTS; and 12 percent to 10% for the
elongations, respectively, for the horizontal (X, Y axis) as-built specimens. When comparing the
various bar graphs given in Figs. 36 and 37, these features and related mechanical property
comparisons-YS, UTS, and elongation- become more graphically apparent.
Figures 36 and 37 use bar graphs to show the mechanical (tensile) properties for each
of the five treatment regimens corresponding to no aging (0 h) and age durations of 10, 100, and
1000 h; for both vertical (Z-axis) and horizontal (X, Y-axis) tensile specimens based on Tables 7
and 8.
While the YS and UTS bar graphs demonstrate a systematic but uniform decline for SR1
and HIP treatments, the aging procedure has little effect, as seen in Figs. 36 and 37, as well as
Tables 7 and 8 (aging time). However, for aging at 10, 100, and 1000 hours, the HIP + T6
therapy exhibits a systematic, even linear reduction of YS and UTS. Elongations are minimal in
both the as built and SR2 treatments, and the SR1 treatment shows a systematic decline with
aging periods, whereas the HIP + T6 treatment shows an increase. For the HIP + T6 procedure,
the aging treatment has the most systematic and controlled influence on YS and UTS, as well as
elongation (Figs. 36 and 37 and Tables 7 and 8).
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a

b

c

d

e

f

Figure 32. Optical micrographs of AlSi10Mg built in the Z direction and aged at 0 hrs. a) As Built b) SR1
c) SR2 d) HIP and e) HIP+T6; f) Stress- strain diagram.
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a

b

c

d

e

f

Figure 33. Optical micrographs of AlSi10Mg built in the XY direction and aged at 0 hrs. a) As Built b) SR1
c) SR2 d) HIP and e) HIP+T6; f) Stress- strain diagram
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a

b

c

d

e

f

Figure 34. Optical micrographs of AlSi10Mg built in the Z direction and aged at 1000 hrs. a) As Built b)
SR1 c) SR2 d) HIP and e) HIP+T6; f) Stress- strain diagram.
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b

c

d

e

f

Figure 35. Optical micrographs of AlSi10Mg built in the XY direction and aged at 1000 hrs. a) As Built b)
SR1 c) SR2 d) HIP and e) HIP+T6; f) Stress- strain diagram.
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Table 7. Mechanical Properties and Related Data. (Z- Build Direction)

Condition

As Built

SR1

SR2

HIP

HIP+T6

Variant

YS

UTS

AlSi10Mg
ε avg
Density

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

MPa
237
233
229
231
153
154
174
155
258
231
229
221
88
93
93
80
240
232
159
94

MPa
463
418
403
391
249
246
271
245
443
411
407
387
144
144
138
127
305
283
210
144

Elong.
7.6%
5.1%
4.2%
4.6%
21.3%
21.6%
16.5%
14.8%
4.7%
5.0%
5.0%
5.3%
32.2%
31.8%
30.5%
33.3%
16.2%
14.5%
16.2%
28.9%
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(g/cm³)
2.66
2.64
2.64
2.64
2.65
2.65
2.65
2.65
2.64
2.64
2.64
2.64
2.65
2.66
2.66
2.65
2.66
2.65
2.65
2.65

Hardness Cell(C)/Grain(G)
Size
(HV)
μm
137
0.71 (C)
128
0.76 (C)
128
0.80 (C)
124
0.80 (C)
89
0.99 (C)
98
1.04 (C)
105
0.92 (C)
84
0.85 (C)
138
0.78 (C)
127
0.91 (C)
125
0.87 (C)
122
0.89 (C)
59
10 (G)
60
10 (G)
60
11 (G)
47
11 (G)
121
10 (G)
110
10 (G)
81
10 (G)
58
11 (G)

Table 8. Mechanical Properties and Related Data. (XY- Build Direction)

Condition

As Built

SR1

SR2

HIP

HIP+T6

Variant

YS

UTS

AlSi10Mg
ε avg
Density

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

MPa
274
263
256
248
157
164
180
154
250
245
250
234
97
89
91
82
201
233
159
102

MPa
457
389
388
372
247
250
273
241
376
366
377
355
146
143
142
130
264
285
212
152

Elong.
12.4%
9.4%
10.2%
10.4%
23.5%
23.4%
20.9%
24.1%
10.1%
10.8%
10.2%
11.0%
29.8%
33.6%
33.3%
36.6%
19.8%
14.1%
18.5%
27.8%
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(g/cm³)
2.67
2.64
2.64
2.64
2.65
2.65
2.65
2.65
2.64
2.64
2.64
2.65
2.65
2.65
2.65
2.65
2.65
2.65
2.65
2.65

Hardness Cell(C)/Grain(G)
Size
(HV)
μm
141
0.72 (C)
130
0.78 (C)
129
0.86 (C)
126
0.81 (C)
93
0.89 (C)
95
0.93 (C)
94
0.90 (C)
86
0.97 (C)
130
0.72 (C)
129
0.72 (C)
121
0.77 (C)
120
0.78 (C)
60
7.1 (G)
59
6.8 (G)
49
7.6 (G)
45
7.2 (G)
106
11 (G)
110
12 (G)
73
12 (G)
59
11 (G)

4.2 Mechanical Properties and Discussion
In addition to and in contrast to all the other heat treatment experiments that have lately
been published [9,12–17], and based on postprocess heat treatment and aging, this study offers a
thorough design approach for mechanical property selection. Aluminum and its alloys are the
second most common metals industry use after steels, according to many assessments, and the
third most common among laser powder bed fusion (LPBF) investigations during the last decade
[83,84]. Additionally, AlSi10Mg is one of the three most studied aluminum alloys [84].While
many previous heat treatment studies have shown that variations in Si particle coarsening
produce high strengths with low elongations (ductility) or low strengths with high elongations
(ductility), recent research has shown that aging for various times after heat treatments can allow
systematic changes in both strength and elongation. These characteristics are seen in stress-relief
(SR) therapy at 285°C for 2 hours (SR1) followed by aging at 177°C for up to 1000 hours, as
well as HIP + T6 treatment followed by the same aging approach. (Tables 7 and 8 and Figs 32 to
37) The UTS in the former ranges from 240 to 270 MPa, with elongation ranging from 21% to
15%; in the latter, the UTS ranges from 300 to 400 MPa, with elongations ranging from 16% to
29%. The UTS for HIP alone treatment, without the aging treatment, is 90 MPa, with a 31
percent elongation.
In contrast to Figs. 34 (e) and 35 (e), close observation of HIP + T6 microstructures in
Figs, 32 (e) and 33 (e) particles are coarser (4 μm) and have similar interparticle spacings at 0 h
aging. This could indicate precipitation or dispersed Si particle abnormalities. They are more
refined (3μ) and have shorter interparticle spacings after 1000 hours of aging. In contrast to the
UTS values revealed in Tables 7 and 8 for HIP + T6 treatment and aged for 1000 h, in
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comparison to no aging, this refinement in length scales of the particles would typically result in
enhanced strength (0 h aging).
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a

d

b

e

c

f

Figure 36. Heat treatment comparison of mechanical properties graphs of AlSi10Mg built in the Z direction
a) Yield Strength b) UTS and c) Elongation; AlSi10Mg built in the XY direction d) Yield Strength e) UTS
and f) Elongation
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d
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e

f

c

Figure 37 Aging time comparison of mechanical properties graphs of AlSi10Mg built in the Z direction a)
Yield Strength b) UTS and c) Elongation; AlSi10Mg built in the XY direction d) Yield Strength e) UTS
and f) Elongation.
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However, depending on dislocation interactions, precipitation strengthening has been
demonstrated to be complexly connected to particle size [85,86]. In an Al-Zn-Mg alloy aged for
32 days at 120 °C, this study [87] showed strengthening with precipitate coarsening.
Furthermore, nano precipitates can assist both high strength and ductility by acting as
Dislocation generators and impediments to Dislocation motion [88].
Figures 36 and 37 show a broad and comparative overview of postprocess (LPBF)
heat treatment Procedures for a wide range of AlSi10Mg alloy applications, including
complicated structural and device components as well as functionally graded components. While
different heat treatments, particularly postprocess heat treatments, show noticeable differences in
mechanical properties such as tensile and hardness, there is little evidence for the benefits of
aging treatments. The exception is the HIP + T6 samples, shown in Tables 7 and 8, and Figs. 36
and 37, at no aging to 1000 hours of aging, YS and UTS fell by more than 50%, while equivalent
elongations increased from 17% to 28%. For no aging, HIP treatment alone results in tensile
strengths (UTS) of 140 MPa and elongations of 30%, with minimal difference between vertical
and horizontal tensile tests. The highest strengths, on the other hand, are found in specimens that
have never been aged.
Tables 7 and 8 hardness (HV) values likewise follow these yield stress and strength
trends (UTS). Previous postprocess HIP and HIP + T6 treatments of L-PBF manufactured
AlSi10Mg alloy generated mechanical (tensile) properties similar to those illustrated in Figs. 36
and 37, but at lower UTS and elongation values [89].
While Tables 7 and 8 as well as Figs. 36 and 37 show a variety of design
techniques for LPBF-fabricated AlSi10Mg alloy, time efficiency and cost Associated with
Process stages, particularly aging, may be the most important consideration. In fact, for most
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instances, no aging treatment delivers nearly optimal mechanical qualities. However, when
comparing the temperature differences between the two stress-relief treatments (SR1 and SR2 in
Tables 5 and 6), a higher aging temperature would cut the aging duration correspondingly.
4.3 EOS Properties Comparison
Tables 9 and 10 show the mechanical properties from EOS [90] based on the build
direction. In comparison, the properties are nearly identical. Additionally, Tables 11 and 12
illustrate the same mechanical properties with a heat treatment. It is important to note that the
EOS heat treatment was only a T6 whereas the heat treatment in the current study was a HIP+T6.
The properties of the vertical are relatively similar, but the properties of the horizontal are very
different.
Table 9. Vertical Properties comparison with EOS

Yield Strength (MPa)

Tensile strength (MPa)

Elongation (%)

EOS

230

460

6.3

Current study

237

463

7.6

Table 10. Horizontal Properties comparison with EOS

Yield Strength (MPa)

Tensile strength (MPa)

Elongation (%)

EOS

270

450

10.2

Current study

274

457

12.4
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Table 11. Heat Treated Vertical Properties comparison with EOS properties

Yield Strength (MPa)

Tensile strength (MPa)

Elongation (%)

EOS

250

310

11

Current study

240

305

16.2

Table 12. Heat Treated Horizontal Properties comparison with EOS properties

Yield Strength (MPa)

Tensile strength (MPa)

Elongation (%)

EOS

260

320

11

Current study

201

264

19.8
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4.4 Casting Properties Comparison
A360 is an die cast aluminum alloy with a high silicon content. The justification of this
comparison is that this alloy is very similar to AlSi10Mg in chemical composition. Therefore, if
additive manufacturing is going to keep evolving, then properties must be compared to find the
best choice for an application. Table 13 shows the chemical composition from both alloys. Table
14 shows the mechanical properties of both A360 and EOS mechanical properties.
Table 13. Chemical Composition Comparison between AlSi10Mg and A360 [91]

Element

AlSi10Mg

A360

Aluminum

Balance

Balance

Copper, wt. %

0.03 Max.

0.6

Iron, wt. %

0.40 Max.

1.3

Magnesium, wt. %

0.25-0.45

0.4-0.6

Manganese, wt. %

0.15 Max.

0.35

Silicon, wt. %

9.0-11.0

9.0-10.0

Titanium, wt. %

0.15 Max.

Zinc, wt. %

0.10 Max.

Others, Each wt. %

<0.05

Others, Total wt. %

<0.15

0.5

0.25

Table 14. Mechanical Properties comparison between cast and printed
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Yield Strength (MPa)

Tensile strength (MPa)

Elongation (%)

A360 (cast)

170

317

3.5

AlSi10Mg (Vertical)

237

463

7.6

AlSi10Mg

274

457

12.4

(Horizontal)

4.5 Fracture Surface and Discussion

Figure 38 shows low magnification SEM fracture surface pictures (fractographs) for the
as-built AlSi10Mg alloy, SR1 treatment, HIP, and HIP + T6 treatments for no aging, while
Figure 10 shows high magnification views.
For comparison, Figure 40 shows magnified views of various treatment variants after
1000 hours of aging. Comparative views of vertical (Z-axis) tensile test specimens are shown in
Figures 38-40. Horizontal (X, Y axis) tensile specimens showed similar picture characteristics.
The image distinctions for vertical (Z-axis) test specimen microstructures are shown in Figs. 32
and 33 for no aging and 1000 h for the as built and SR1 treatment (Fig. 32 (a) and (c) and Fig 34
(a) and (c)), respectively, in contrast to HIP and HIP + T6 heat treatments (Fig. 32 (d) and (e)
and Fig. 34 (d) and (e)) match the features in Figs. 38 to 40. The fracture surface image plane, on
the other hand, is perpendicular to the vertical test specimen image plane (the Z-X or Z-Y plane).
Figures 38 (a) and (b) to 40 (a) and (b) exhibit fracture surface features that are like and resemble
the melt-band structures seen in Figures 32 (a) and (c) to 37 (a) and (b). In the magnified pictures
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of Figs. 39 (a) and 40 (a), where the dimple diameters measure less than 0.5 μm, very fine,
shallow, and irregular dimple features, as well as comparatively smooth surface regions, are
clearly noticeable. For the SR1 treatment samples illustrated in Figs. 39 (b) and 40 (b), the
dimple size more than doubles. These length scales resemble the ultra-fine cellular
microstructures depicted in Figs. 32 to 37 (a) and (c), as well as Tables 7 and 8. In contrast, wellformed ductile dimples are shown in Figs. 39 (c) and 40 (c) and (d), respectively, for the HIP and
HIP + T6 treatments, with dimple sizes ranging from 4 to 6 microns; characteristic of the
recrystallized grain structure and Si particle distributions defining these microstructures in Figs.
32 to 37 (d) and (e) and Table 3. Indeed, all reported melt-band related properties for fractured,
LPBF as-built AlSi10Mg alloy samples have been noted [92,93]. In fact, the melt-band and fine
dimple characteristics found in this work in Figs. 39 (a) and (c) for as-built and fractured
AlSi10Mg in contrast to micron-size ductile dimples for post-heat treatment-HIP fractured
samples [89].
It's also worth noting that the dimple sizes in Figs. 39 and 40 (c) and (d) generally match
the particle size distributions and volume fractions inside the 10 μm grains (Table 7).
Furthermore, for both no aging and 1000 h aging (Figs. 39 and 40), the trending of ductile
dimple diameters from the as built and SR1 treated samples to the HIP and HIP + T6 treated
samples seems to largely correlate with the corresponding trends in yield stress (YS), UTS, and
elongation. Furthermore, the ductile dimple structures with extremely small micron sizes are
associated with high strength and low elongation (ductility), whereas the larger dimple sizes in
Figs. 39 (c) and (d) and 40 (c) and (d) are associated with lower strength and higher elongation
(Table 7). These ductile dimple size characteristics are in line with widely established patterns in
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a variety of metals and alloys, in which dimple size decreases as elongation, grain or lamellar
structure sizes decrease, and strength, notably yield strength, increases (YS) [94–100].
When comparing Fig. 39 (c) and (d), it can be shown that with no aging, the ductile
dimple size for HIP and HIP + T6 treatments increases from 4 to 6 μm. This leads to a 50 percent
drop in elongation and an increase in YS from 88 MPa to 240 MPa (Table 7), which is the
opposite of the intended tendency. This anomaly, on the other hand, corresponds to the
microstructure anomaly seen in Figs 32(d) and (e) and 33 (d) and (e). The YS rise and elongation
change are substantially reduced for the 1000 h aged HIP and HIP + T6 therapy fractures
exhibited in Fig. 40 (c) and (d) (Table 3). However, the increase in ductile dimple size from Figs.
39 and 40 (a) and (b) to (c) and (d) (4 μm to 5 μm) is more consistent with the lowering YS and
increasing elongation dimple diameters (1 μm to 4μ to 6 μm) (Table 7).
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a

b

c

d

Figure 38. SEM Images (Low Magnification) of AlSi10Mg at 0 hours of aging a) As Built b) SR1 c) HIP and d)
HIP+T6
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a

b

c

d

Figure 39. SEM Images (High Magnification) of AlSi10Mg at 0 hours of aging a) As Built b) SR1 c) HIP and d) HIP+T6
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a

b

c

d

Figure 40. SEM Images (High Magnification) of AlSi10Mg at 1000 hours of aging a) As Built b) SR1 c) HIP and d)
HIP+T6
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CHAPTER 5: CONCLUSIONS
This study compared a wide range of L-PBF fabricated and postprocess heat-treated
AlSi10Mg alloy: as-built specimens in both the vertical (Z-axis build direction) and horizontal
(X, Y axis) directions, aged at 177 °C for 0, 10, 100, and 1000 h stress-relief anneal treatments
(SR1 and SR2) at 285 and 190 °C, HIP at 515 °C, and HIP + T6 treatment; aged as noted above.
There was a total of 40 experimental variants because of this heat treatment program (Tables 5
and 6). Tables 7 and 8 show the results of tensile testing and Vickers micro-indentation hardness
(HV) values for each of the 40 experimental versions. The as-built specimens had the greatest
YS and UTS values: 237 MPa and 463 MPa (vertical) and 274 MPa and 457 MPa (horizontal),
respectively, corresponding to maximum HV values of 137 and 141, respectively, as shown in
Tables 7 and 8. 7.6 percent and 12.4 percent, respectively, were the equivalent elongations.
These mechanical properties were found to be linked to conspicuous melt-band structures as well
as ultra-fine cellular and micro dendritic microstructures (Figs. 32 and 33 (a)). The SR treatment
at lower temperatures had no effect on these parameters, whereas the SR1 treatment at 285 °C
lowered the YS and UTS values by about 36% while boosting elongation by a factor of three.

For HIP treatments, the lowest YS and UTS values, as well as the largest elongations,
were observed: 92 MPa, 148 MPa, and 31%, respectively. In both the vertical and horizontal
tensile tests, age had minimal influence on HIP treatment. The HIP + T6 treatment, on the other
hand, caused significant and systematic alterations in YS, UTS, and elongation with aging
periods (Tables 7 and 8 and Figs. 36 and 37). For vertical test specimens, the YS and elongation
were 240 MPa and 16 percent for no age vs 94 MPa and 29 percent for 1000 h aging,
respectively, and the corresponding HV value was reduced from 121 to 58. (Table 7). The
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mechanical characteristics for LPBF-fabricated and postprocess heat-treated AlSi10Mg alloy
ranged from as-built YS values averaging 250 MPa and elongations of 10%, HV 140, to YS 82
MPa and elongations of 35%, HV 44.
The extensive and comparative heat treatment regimens, as well as their
corresponding mechanical characteristics and hardnesses, have also related to microstructures
employing optical metallography and SEM fractography examinations of fracture surface
structure. Larger, micron-size length scales representing micron-size grains and Si particle sizes
and size distributions characterized moderate or low strengths and higher ductility, whereas
ultra-fine alpha-Al cell structures with sub-micron size length scales characterized higher
strengths and lower ductility (elongations). These characteristics are depicted in comparison in
Figs. 33-35 and 38–40 for microstructure and fractography phenomena, respectively, as well as
Tables 7 and 8 and the comparative perspectives offered by the extensive bar graphs in Figs. 36
and 37.
This present study covers a wide range of applications for LPBF-fabricated and
differently heat-treated AlSi10Mg alloy components; therefore, this manuscript has included a
large range of combinations of tensile properties, microstructures, and related hardness values.
To that end, the current experimental program, which can be seen by comparing Tables 7 and 8
and Figs 36 and 37, provides a comprehensive design strategy for selecting optimized residual
properties for a wide range of industrial and other strategic engineering applications, including
the most expedient and cost-effective methods. Further investigations can include an
optimization of the parameters of the heat treatments as well as different combinations. A
comprehension of the mechanisms that this alloy experiences under thermal treatments is also
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necessary to advance the study of additive manufacturing, Laser Powder Bed Fusion, and
materials in general.
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