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Additive Manufacturing is a layer over layer material depositing process to fabricate 3D shape objects. In
this process laser completely melts one powder layer and fuses it with another. Metal additive manufac-
turing process like selective laser melting can produce intricate shapes which are not possible to produce
by conventional methods. This capability has enabled designers to come up with innovative part designs
which add value to either overall manufacturing process or product performance, also fulfilling the
demands for reducing the cost and manufacturing time. The material selection, process parameters
and post process are the significant stages in additive manufacturing to achieve the desired properties
of output product. The present paper provides comprehensive review in a systematic manner on selective
laser melting printing parameters, microstructure, heat treatment and mechanical properties of addi-
tively manufactured AlSi10Mg aluminium alloy and based on the review; few arenas for future research
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1. Introduction

Additive manufacturing (AM) is rapidly growing technology in
the era of industry 4.0 and electric vehicles, where the require-
ments from the industries are changing day by day especially from
automotive industries and more focused on strict standards con-
cerning fuel efficiency, air pollution, recycling, and safety. The
additive manufacturing technology plays a vital role in the fulfil-
ment of these stringent standards by successfully manufacturing
of lightweight structures with complex geometries [1]. This tech-
nology provides an infinite design freedom to design engineers
for complex geometries that are difficult to produce by conven-
tional methods [2]. The additive manufacturing industry originated
40 years ago, it has transformed significantly from its early days,
when the primary market was rapid prototyping. Today this indus-
try is changing at a rapid pace. In metal additive manufacturing
technology, Selective Laser Melting (SLM) [3] is one of the favoured
technique to produce complex geometries, customized structures,
high resolution and accuracy without almost any loss of material
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as compare to the traditional technologies [4]. A wide range of
materials such as aluminium (Al) and its alloy [5], Inconel (In),
Stainless Steel (SS), Titanium (Ti) [6] are commonly used in metal
additive manufacturing. In Al-based alloys, AlSi10Mg alloy is
highly preferred for various applications in aerospace and automo-
tive industries [7], because of its lightweight [8], low thermal
expansion and good mechanical properties [9]. Due to the require-
ment of complex geometry they are difficult to fabricate using con-
ventional methods. Therefore, to produce dense AlSi10Mg alloy
with enhanced mechanical properties it is a good candidate for
SLM. During SLM, residual stresses [10,11,12,13] generated within
the part geometry that can be lead to product failure while in
application, and therefore, stress relieving heat treatment cycle is
a must for functional parts [14]. Post treatments [15] on alu-
minium alloys are performed to improve the microstructure &
mechanical properties. Conventional treatments consist of heating
& cooling to obtain recrystallization, microstructures during man-
ufacturing which results in improvement of tensile properties of
the alloy [16]. The aim of this review is to report a summary of
the findings of various research works on the different aspects of
selective laser melted AlSi10Mg aluminium alloy including process
parameters, microstructure, mechanical properties and heat
treatment.
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1.1. Material - AlSi10Mg alloy

The material plays an imperative role in additive manufacturing
as the output quality of the product largely depends on the mate-
rial characteristics and affected by powder morphology and con-
tent [17]. Till date very few materials are successfully used in
additive manufacturing and proven their significance, AlSi10Mg
alloy is one of them. Under the hypoeutectic aluminium alloys
group, AlSi10Mg is the highly preferred material in automotive
and aerospace industries due to its distinct characteristics such
as excellent cast-ability, high corrosion resistance [18] and light
weight [19], high dynamic load bearing capacity, good thermal
and mechanical properties with higher hardness proven the better
candidate for selective laser melting. Typically this alloy is used for
manufacturing of cast parts having thin walls and complex geome-
tries subjected to high loads. The parts made of this alloy can be
welded, machined, wire eroded, electric discharge machined pol-
ished and coated if required [20]. The AlSi10Mg alloy falls under
hypoeutectic aluminium alloys group. When the % weight of Si in
Al-Si alloy is in between 11 and 13 %, the alloy is known as eutectic
alloy, when the Si is less than 11 %, the alloy is known as hypoeu-
tectic alloy and when the % weight exceeds more than 13 %, the
alloy is known as hypereutectic alloy [21]. Due to the nearby eutec-
tic configuration Al and Si, the AlSi10Mg alloys are comparatively
easy to process by SLM as compared to high strength aluminium
alloys but also the presence of oxides on melt pool and powder
particle surface acts as a nucleation site for porosity development
in selective laser melting process [22]. For the development of new
alloy in SLM, the behaviour of high strength aluminium alloy has
investigated to get deep insight on metallurgical aspect [23]. The
Al alloys powders are highly reflective to laser beam, exhibits large
heat transfer and oxidized easily, make it challenging candidate for
SLM [24,25]. The AISi10Mg alloy powder produced with gas
atomization process having the particle size of 20 to 63 pum is suc-
cessfully used in additive manufacturing for various applications in
automotive & aerospace industries [26].

Fig. 1 shows the AlSi10Mg alloy powder morphology used for
additive manufacturing. This alloy has a very small difference in
solidus and liquidus temperature that enables the low tendency
of cracking during solidification in SLM. The distinct microstruc-
ture and tensile properties of parts produce using this alloy can
be improved by applying heat treatment. The shape and size of
eutectic Si in AISi10Mg alloy are the significant factors that affect
the mechanical properties of the part [28]. The magnesium in Al-
Si alloy enables the Mg,Si phase in the precipitation responsible

Fig. 1. Morphology of gas atomized AlSi10Mg alloy powder [27].
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for the improvement in strength and ductility without change in
mechanical properties of the component [29]. The solution heat
treatment (SHT) with artificial aging was used to harden the
AlSi10Mg alloy. Better mechanical properties were observed in
additively manufactured AISi10Mg alloy due to the very fine struc-
ture and distribution of Si phase as compared to cast AlSi10Mg
alloy [18,30].

1.2. Selective laser melting (SLM)

Selective laser melting is an important and preferable AM tech-
nique used in metal additive manufacturing. In SLM, a high energy
source like laser is used to melt the deposited material called sub-
strate on the build platform. The built chamber during printing
process is filled with an inert gas to avoid oxidation in melting
and solidification process. The SLM involves the following impor-
tant steps.

i. A CAD model of designed component has been created and
converted as.STL file.

ii. The generated model is oriented on build platform consider-
ing build height, surface finish and minimum support
structure.

iii. With the minimum required supports, the support struc-
tures are generated.

iv. The CAD model file is sliced with the equal layer thickness
and conveyed to printer.

v. The build platform is preheated to lowering the heat gradi-
ent and better heat dissipation to avoid non uniform thermal
expansion during SLM [31].

vi. The layer of metal powder spread over the build platform
and high intensity laser beam scan and melt the designed
part geometry.

vii. After the complete melt of one layer, the build platform low-
ered a distance equal to layer thickness and fresh powder
again spread over the build platform. This process continues
till the complete build of predefined 3D object [3].

The step vi and vii repeated till the complete build of compo-
nent. The overall time required to build 3D part is categorized as
primary time required for scan the powder and auxiliary time
required to build platform lowering and new layer of powder
deposition [3]. Basically the SLM process categorized in three dis-
tinct areas started with creating an individual scan track through
laser scanning followed by formation of individual layer by joining
the scan tracks and finally produces a 3D object with a layer over
layer deposition [32]. During processing, the inert atmosphere is
created in build chamber using Argon (Ar), Helium (He) or Nitro-
gen (N) to avoid oxidation effect. The parts produced in Argon envi-
ronment recorded marginally higher density and mechanical
properties with smoother surface as compared to Nitrogen envi-
ronment and hence the type of inert gas used in build chamber
didn’t affect the mechanical properties [33,34]. The inert gas flow
rate affects the energy density, whereas the gas pressure affects
the behaviour of molten metal in SLM [35,36]. The builds quality
of AM product largely affected by material properties, process
parameters and working environment in SLM process [3].

2. Literature review

The literature survey provides a detail summary of the findings
of various research works on the different aspects of selective laser
melted AlSi10Mg aluminium alloy. The SLM process is of signifi-
cant intent for many researchers and has worked on various
aspects like key printing parameters, optimization techniques,
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mechanical properties and microstructure of non-heat treated and
heat treated AlSi10Mg alloy specimens. The comprehensive list of
significant research is provided in Table 1.

2.1. SLM process parameters of additively manufactured ALSi10Mg
alloy

In additive manufacturing, the printing parameters such as
laser power, scan velocity, layer thickness and scan spacing are
the significant parameters that disturbs the microstructure,
mechanical properties and responsible for development of defects
in additively manufactured product. This highlights the necessity
of right selection of these parameters in SLM process. One of the
common approaches to optimize these parameters is the energy
density function. Table 2 presents the significant process parame-
ters in selective laser melting.

2.1.1. Laser power

The extent of energy supplied to the exposed material is con-
trolled by the laser power in SLM [66]. The Al alloys are the highly
reflective material and for such material higher laser power
required for the complete melting. Incomplete melting of material
in melt pool affects the melting efficiency and results in formation
of defects in the final product. Laser power also affects the dimen-
sion and stability of scan track that contributes the structural
integrity of the product. In SLM process the laser power signifi-
cantly affects the cooling rate in melt pool. Lower laser power is
responsible for the higher cooling rate in the melt pool. For the
highly reflective materials, the laser power less than 200 W results
in smaller size grain formation and balling phenomenon observed
on the exposed surface. On the other hand, laser power over
500 W, creates lager melt pool and helps to develop larger grains.
At the optimum laser power of 370 W, smoother surface with min-
imum satellites and increased laser energy density observed [91].
Liu et. al. [67] elaborated the influence of laser power during
SLM on the grain morphology & texture in AlSi10Mg alloy. Four dif-
ferent levels of laser power 175 W, 225 W, 275 W, & 325 W were
selected to carry out in the SLM experiments and concluded that
the smaller grain size was observed for low laser power than
higher one while the density increases from 97.51 % to 98.11 %,
with increased laser power. Read et.al. [69] Varied the laser power
from 100 W to 200 W with 25 W increments and investigated the
effect on porosity development and claimed that the lower laser
power results in reduction in laser energy density that causes melt
pool reduction with increased porosity. Biffi et. al. [38] studied the
comparative effect of continuous wave (CW) laser and pulsed wave
(PW) laser on microstructure and properties of SLMed AlSiOMg
alloy and reported that the dimensions of melt pool varies with
the type of laser emission. The smaller heat affected zone and thin-
ner laser tracks in pulsed laser induces better metallurgical bond-
ing between successive layers due to lower input heat energy
hence more suitable for thinner and precise structures. The rapid
cooling rate in SLM develops eutectic cellular microstructure of
Si surrounded by AI-Si matrix. The higher energy density of
79.12 J/mm? recorded in pulsed laser as compared to continuous

Table 1
Overview of research focus areas in additively manufactured AlSi10Mg alloy.
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Table 2
Selective laser melting process parameters [66].

SLM Process Parameters

Laser related Powder related Scan related Temperature
related
e Laser o Particle Size e Scan Speed e Powder Bed
Power Temperature
e Laser Beam e Particle shape & e Scan / e Powder Feed
Spot Size Morphology Hatch Temperature
Spacing
e Pulse e Layer Thickness e Scan e Temperature
Duration Pattern Uniformity
e Pulse e Material
Frequency Properties
e Powder Bed
Density

laser those results in 50.79 J/mm?. Ding et al. [39] also concluded
that pulsed laser induces higher cooling rates as compared to con-
tinuous laser.

2.1.2. Scan speed

Scan speed affects the temperature in melt pool and controls
the melting of material and solidification rate in SLM. Slower the
scan speed, higher is the temperature in the melt pool taking
longer time to solidify and cause the trapping of gases in the melt
pool and results in formation of metallurgical pores. Aboulkhair et.
al. [66] investigated the effect of scan speed and reported that the
metallurgical pores were observed at scanning speed of 100 mm/s
to 250 mmy/s with increase in scan speed to 500 mm/s the metal-
lurgical pores starts reducing and observed minimum at
1000 mm/s whereas the keyhole pores were started to develop
at 500 mm/s and further increases as the scan speed increases over
1000 mmy/s. These pores directly affect the porosity of final part.
The higher scan speed creates balling effect that causes porosity
and surface defects. Calignano et. al [115] found that the scanning
speed has a significant influence on the surface roughness whereas
DebRoy et al. [12] reported that the scanning speed had a signifi-
cant influence on the shape and the size of the molten pool.

2.1.3. Scan / hatch spacing

The scan spacing is the distance between the neighbouring lay-
ers of the built part. In SLM the scan spacing between the adjacent
layers of the built part decides metallurgical bonding [66]. Higher
scan spacing results in increased built in time and due to poor met-
allurgical bonding, the gaps started to form between the adjacent
layers. Aboulkhair et. al [66] investigated the effect of hatch spac-
ing and reported that at the minimum hatch spacing of 50 and
100 pm, the test samples were observed to be fully consolidated
even though the surface quality was poor. As the hatch spacing
increase to 150 pm, the gaps started to form between the neigh-
bouring scan tracks. Further increase in the hatch spacing beyond
150 pm, more gaps has been developed and balling was observed
on the surface. The best results were observed when the hatch
spacing was 50 or 100 pm.

SLM Process Parameters SLM Process Parameters

Microstructure and Mechanical Properties

Optimization

As-fabricated (Without Heat

Post Process (With Heat Treatment)

Treatment)

[37,38,39,40,41,1,42,13,26,43,44,
45,46,47,48,49,50,51,52,53,54,55,
56,57,58,59,60,61,62,63]

[64,17,65,66,67,68,69,70,
71,72,12,73,74,75],

[76,77,78,79,80,18,29,20,22,23,31,
34,81,82,83,84,85,86,87,3]

[88,9,7,14,16,24,28,89,90,91,92,
93,94,95,96,97,98,99,100,101,102,103,
104,105,106,107,108,109,110,111,112,113,114]
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2.1.4. Scan pattern

The scan pattern represents the path travelled by laser beam
within a layer during SLM. The common scan patterns used in
SLM are meander, chequer board, strips and unidirectional [31].
The rotation and orientation of a predefined laser beam angle
between the multiple layers represents the scanning strategy. It
significantly affects the orientation of microstructure, pore distri-
bution and crack formation due to residual stresses [66]. These
scan designs and approaches are used to reduce the flaws and
improve the microstructure. The meander and chessboard scan-
ning strategies are most favourable in SLM. The meander strategy
is suitable for thinner section parts whereas the chessboard and
strips strategy used for the thicker sections. In chessboard and
strips strategy, the shorter length of individual scans track helps
to minimize the residual stresses developed during SLM. Qian et.
al. [40] compared the effect of various scan strategies and con-
cluded that the helix scan strategy effectively reduced the residual
stresses and deformation in additively manufactured parts.

2.1.5. Layer thickness

The metal powder particle size affects the layer thickness in
SLM. The large particle size determines the minimal powder layer
thickness. Small particles are light and get easily thrown out of the
process zone, furthermore as a result of their surface to volume
ratio they are more likely to inflame or explode if making contact
to reactive gas. Regarding balanced particle size distribution, how-
ever, it has a positive effect on the packing density and powder
compatibility as a result of small particles filling small voids. Small
and narrow particle size distribution leads to uniformity in the
melt pool, resulting in a higher part density [116]. Layer thickness
affects the build rate, cooling rate and thermal gradient in SLM.
Aboulkhair et. al. [66] studied the effect of layer thickness and con-
cluded that with increase in layer thickness, the manufacturing
time reduces but the porosity increases and results in poor surface
finish and also argued that the parts produced with lower layer
thickness shows better mechanical properties, higher hardness,
lower surface roughness as compared to the parts produced with
higher layer thickness.

2.2. Process parameter optimization of additively manufactured
ALSi10Mg alloy

Process parameters optimization is a crucial phase in additive
manufacturing as the performance characteristics of final product
are mainly depends on the right selection of SLM process parame-
ters. Aboulkhair et. al. [66] investigated the process parameters
with focusing on designing the scanning strategy to improve den-
sity with minimum porosity. The samples were fabricated using
scan spacing of 50 um to 250 pm with 50 pm increment also the
scan velocity increased from 250 to 1000 mm/s with 250 mm/s
intervals. The laser power and layer thickness were kept constant
at 100 W and 40 pum respectively. The best combination of process
parameters for SLM observed was scan velocity 500 mm/s, hatch
spacing 50 pm and laser power of 100 W with a pre sintered scan
strategy results in highest relative density of 99.7 %. Guan et al.
[43] argued that the effect of laser power and scan velocity criti-
cally disturb the surface finish of additively manufactured parts.
Calignano et al. [115] explored the effect of SLM process parame-
ters and concluded that scanning speed significantly affects the
surface quality. Kempen et al. [31] suggested optimized laser
power 200 W, scan speed 1400 mm/s with 105 pm scan spacing
also Brandl et al. [29] reported that laser power 250 W, scan speed
500 mm/s, scan spacing 150 pm and 50 pm layer thickness results
in higher density product. Read et.al. [69] explored the effect of
optimized printing parameters on defect and porosity using
response surface methodology technique. Laser power, scan spac-
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ing, scan speed and interaction between scan velocity and scan
spacing are the significant process parameters that affect the
porosity. The laser power increased from 100 W to 200 W with
25 W increments; scan velocity increased from 700 mm/s to
2000 mm/s with 350 mm/s increments and scan spacing increased
from 30 pm to 120 wm with 22.5 pm increments. The porosity
increases due to increased scan speed and decreased laser power
as both the parameters ultimately affects and reduces the energy
input to the material and results in melt pools reduction and cause
increase in porosity. Bai et. al. [ 73] highlighted the influence of SLM
parameters on microstructure and tensile properties of non-heat
treated and heat treated AlISiMg0.75 alloy. The response surface
method technique was used to optimize important SLM parame-
ters like laser power scans speed, hatch spacing and layer thick-
ness. The higher scan velocity with low laser power causes
unmelt powder results in decrease in relative density, whereas
higher laser power with slow scan speed also results in low relative
density due to formation of spatters and voids. The higher relative
density of 99.06 % was observed at the laser power of 179 W; scan
velocity of 647 mm/s and hatch spacing of 105 pm. Superfine cel-
lular and dendritic grain microstructure was observed in as-
fabricated samples due to the higher cooling rate in printing. After
applied heat treatment of 300 °C for 2 h, the developed cellular and
dendritic grain microstructure breaks and reduction in mechanical
properties observed. Majeed et. al. [74] investigated the effect of
laser power, scan velocity, hatch spacing and overlap rate in SLM.
The full factorial methodology with ANOVA and regression analysis
was used for process parameters optimization. The laser power
increased from 320 W to 400 W with 40 W increments, scan veloc-
ity increased from 600 mm/s to 900 mm/s with 150 mm/s incre-
ments and scan spacing improved from 70 pm to 116 pm. The
best surface quality of as fabricated samples was observed at laser
power of 320 W, scan velocity of 600 mm/s, 88.7 pm hatch spacing
and 35 % overlap rate. The average surface roughness of heat trea-
ted samples at 540 °C for 2 h initially decreases and increased after
aging at 155 °C for 12 h. Anwar et. al. [75] elaborated the effect and
interaction of inert gas flow velocity, scan direction and part. The
inert gas velocity of 30 % (1.47 m/s) and 60 % (2.87 m/s) of maxi-
mum velocity was set as input parameters in SLM. Irrespective of
part placement and gas velocity, the aligned laser scans direction
along with inert gas flow significantly decreases the powder accu-
mulation near the outlet and observed fine particles in the laser
beam path. Better part quality was observed with higher gas veloc-
ity, but increasing gas velocity swipes the fresh power from pow-
der bed. Wang et al. [33] concluded that the part density and
hardness was not affected by the type of inert gas used in SLM.
Liu et. al. [64] identified the effect of laser powder deposition
parameters and investigated the optimized parameters to achieve
maximum density of build part. The Taguchi technique with
ANOVA was used for optimization as it was proven useful to inves-
tigate multiple parameters effect in complex object. The control-
lable parameters such as laser power, scan speed, shielding gas
flow rate and powder feed rate with five levels were selected for
the experimentation. The laser power varied from 120 W to
160 W with 10 W increments, scanning speed varied from
400 mm/min to 600 mm/min with 50 mm/min increments. The
powder feed rate increased from 0.66 g/min to 0.9 g/min with
0.06 g/min increments and the shield gas flow rate increased from
6 L/min to 8 L/min with 0.5 L/min increments. The optimized pro-
cess parameters after experimentation were laser power 150 W,
scan speed 400 mm/min, shielding gas flow rate 0.78 g/min and
powder feed rate 7 L/min. Laser power and scan speed are the
dominant factors that contributes 49.43 % and 33.74 % respectively
to relative density. The relationship between relative density and
energy density investigated to achieve higher densification. Tre-
visan et. al. [115] reviewed & summarized the effects of the print-
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ing parameters on the properties of the output parts starting from
the powder characteristics to the printing parameters. The collec-
tive effect of printing parameters evaluated using energy density
[89 81] and also highlighted the applied heat treatments estab-
lished for conventionally fabricated materials & applied on 3D
printed materials. The orientation modifies the microstructural
growth of the material, and introduces defects & anisotropy. Wang
et al. [24] examined the effect of laser energy density on quality of
additively manufactured AISi10Mg alloy and reported that surface
quality improved with increase in laser energy density.

2.2.1. Laser energy density

The laser power is the significant parameter, as it affects the
degree of consolidation of the material powder, and advances the
defect formation by developing turbulences in the melt pool that
causes defect in the part. The popular approach to characterize
the laser power is the energy density function (W)
[69,3,67,110,115,90,91,24,44|. The normally used energy density
function suggested in the literature is volumetric energy density
(J/mm?) [45] & calculated as follows:

P
VEVLHT )

Where P is laser power (W), V is scan velocity (mm/s), H is
hatch spacing (um) and T is layer thickness (mm).

The porosity is largely affected by laser power, scan velocity and
the interface between the scan velocity and scan spacing. In order
to reduce or eliminate the porosity from the material, a higher
laser power with a slower scan velocity with minimum scan spac-
ing should be used. Yang et al. [37] evaluated the influence of laser
energy density on surface irregularity and morphologies of SLM
produced AlSi10Mg parts. The lower laser energy density was
responsible for incomplete spread of molten pool due to the short
solidification time that results in insufficient penetration of energy
in the powder layer that initiated to develop the balling phe-
nomenon on the surface [117]. The suitable laser energy density
with enough solidification time allows molten metal to spread in
melt pool with decrease in the Marangoni convection and causes
smoother surface. When the laser energy density was set in
between 4.625 J/cm to 7.4 J/cm, the measured surface roughness
was under 6 pm. The higher laser energy density results in stron-
ger Marangoni convention with metal evaporation, causes instabil-
ity of deposited tracks and increase in surface roughness. Wang
et al. [24] elaborated the effect of laser energy density on surface
quality of additively manufactured AISi10Mg alloy and reported
that surface quality improved with increase in laser energy den-
sity. Hirata et. al. [110] explored the effect of porosity and energy
density on microstructure and tensile properties of as fabricated
and hot isostatic pressing (HIP) heat treated AlSi10Mg specimens.
The specimens were heated at 500 °C for 2 h. Fine dendritic cell
microstructure was observed in as-fabricated samples whereas in
heat treated specimens the Si diffused and coarse granular phases
were observed. The higher cooling rate in SLM, initiates the o-Al
phase and heterogeneous nucleation process proceeded with elim-
ination of Si and Mg that further solidified to form the crystallized
phase. As the energy density decreases, the amount and size of
internal pores increases that affects the mechanical properties of
the specimen therefore highlighted the importance of optimization
of laser irradiation condition in SLM process.

Table 3 presents the key published literature on additively man-
ufactured AISI10Mg alloy including the SLM system used, process
parameters selected and important findings. It was observed that
most of the investigators used commercial SLM system developed
by foremost SLM manufactures such as Renishaw, SLM Solutions,
Realizer GmbH and Concept laser.
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From the detailed study of the above literature, following
ranges of the SLM process parameters for additively manufactured
AlSi10Mg alloy are suggested in Table 4.

Point Distance (mm
Scan Speed (mmy/sec) = Exposure Time((sec))

2.3. Microstructure of AlSi10Mg alloy

The microstructure of the printed components is the end result
of alloy powder melting, solidification during SLM and post heat
treatment. For the additively manufactured samples a different
microstructure is obtained due to the different manufacturing
method. The rapid solidification [120] caused by SLM is responsible
for the fine microstructure and this fine microstructure is the rea-
son for the high mechanical properties [66]. Aboulkhair et. al. [66]
revealed that two different forms of microstructure observed in
SLM samples. The fine microstructure observed at the core of melt
pool whereas the coarse dendritic microstructure with elongated
grains observed at the borderline of melt pool. The coarsening of
grains is due to the slower solidification rate in the boundary
region as compared to the core. Thijs et al. [31] highlighted that
the melt pool consist of fine microstructure at core and coarse
microstructure towards the boundary region and heat affected
zone. Trevisan et. Al [115] reviewed and summarized that the
unique microstructure observed due to the cyclic melting and fast
cooling of powder material in SLM. Lam et. al. [82] observed the
cell like dendritic structure of o-Al and eutectic Si phase network
along the a-Al boundary with the dimensions of 500 to 1000 nm.
Prashanth et. al. [85] revealed that the solidification of «-Al into
cell like morphology and prolonged solubility of Si into Al observed
during SLM process. The remaining Si was observed at the cell like
boundaries having a thickness of 200 nm. The scanning strategy
and process parameters significantly affect the microstructure in
SLM process. Rosenthal et al. [86] reported that the developed
thermal gradient (G) and growth rate (R) critically affects the solid-
ification rate in SLM process. The growth rate can be controlled by
changing scan speed and laser scan angle during processing. The
cooling rate was calculated by multiplying thermal gradient and
growth rate. The increased growth rate results in formation of cel-
lular structure [121] that finally converted into dendritic mor-
phologies. Maximum thermal gradient and growth rate were
observed near the centre of melt pool and reduces towards the bor-
der. Brandl et al. [29] elaborated the consequence of post process
heat treatment on microstructure and showed that the cell like
o-Al dendritic structure and Si particles in in-built phase were
modified and globular Si particles distributed evenly inside the
o-Al matrix. Liu et. al. [76] highlighted the effect of cooling rate
on the formation of microstructure and tensile properties during
SLM. The FEA model was used to calculate the cooling rate of melt
pool. Also the Si particle distribution and size, dendrites and sub
boundaries were analysed. The melt pool was divided into core
and surface regions. The higher cooling rate of 1.44 x 10° K/s
observed in the surface region as compare to core with cooling
rate < 1 x 10® K/s. The surface area with higher cooling rate consist
of fine Si particles, more sub boundaries and dendritic structure
results in higher hardness and good wear resistance. The dendritic
structure of o-Al phase and inter dendritic Si particles were
observed in the microstructure.

Fig. 2 shows a microstructural development mechanism in the
heat treatment. Initially the microstructure was contains a eutectic
Si and primary o phase. The irregularly shaped Si particles are
spread along the grain boundaries. During heat treatment, the Si
particles were decomposed at a relatively high temperature and
dissolved in the o-Al matrix to form uniform microstructure. The



Table 3
Summary of SLM process parameters and research findings of AlSi10Mg Alloy.
Author SLM System SLM Process Parameters Research Findings Ref.
(Year) Laser  Scan Speed Hatch Spacing Layer Scan
Power Thickness Strategy

Kempen et.  Modified Concept Laser M1, 200 W fibre laser, beam dia. 200 W 1400 mm/s 105 pm - - e Better Mechanical properties observed in AM AlSi10Mg  [18]
al. 150 pm as compared to cast AlSi10 Mg due to fine microstruc-
(2012) ture.

Some anisotropy in elongation observed in AM
samples.

Brandl et. Trumpf Truma Form LF130 powder-bed machine, Nd: 250 W 500 mm/s 150 pm 25 pm - e The microstructure of as-built samples is characterized [29]
al. YAG laser laser — 250 W laser beam spot dia.- 200 pum, by cell like dendrites of a-Al and inters dendritic Si
(2012) Inert gas - Argon particles.

The combinations of 300 °C platform temperature and
peak hardening are a better combination to improve
fatigue resistance.

Aboulkhair A Realizer GmbH SLM 50,Germany, yttrium fibre laser - 100 W 250 mmy/s, 500 mm/ 50 pum 100 um 50 pm Uni- e The pores developed in SLM are related to scanning [66]
et. al. 100 W s, 750 mm/s, 150 pm 200 pm directional speed.

(2014) 1000 mm/s 250 um Smaller hatch spacing gives the better results.
Two types of microstructure, fine at center and coarse
structure at boundary, observed in, melt pool.

Buchbinder  EOSINT M 270 195 W 800 mm/s 150 um 30 um - e With the preheated build plate, decrease in hardness [46]
et. al. with better crack resistance observed.

(2014) Lower temperature gradient developed in preheating,
results in lower thermal stresses.

Mauduit et.  Phenix Systems PM100, fibre laser YAG 200 W. Inert gas- 200 W 700 mm/s - 30 um Crossed e Substantial increase in the mechanical properties of [47]
al. Argon SLM AISI10Mg as compared to casting due to
(2015) microstructure refinement.

Due to the residual stresses, it is difficult to produce
metal matrix samples with 15 % SiC reinforcement.

Aboulkhair  Realizer GmbH SLM-50 (Germany), 100 W Yttrium fiber 100 W  250-1500 mm/s 50 um 40 pm & - e With increase in laser scan velocity, the dimensions of [48]
et. al. laser, laser beam spot dia. — 20 um, Inert gas - Argon 400 pm melt pool decreased.

(2015) As layer thickness increase, the defects like satellites,
discontinuities, irregularities and balling increases.

Author SLM System SLM Process Parameters Research Findings Ref.

(Year) Laser Power Scan Speed Hatch Spacing Layer Scan

Thickness Strategy

Read et. al.  Concept Laser M2 system, Yb-Fibre laser — 100 W, 125 W,  700mm/s, 1025 mm/s, 30 um, 52.5 um, 30 um Chequer e The build direction does not affect mechanical prop- [69]

(2015) 200 W, laser scan velocity — 7000 mm/s, 150 W, 175 W, 1350 mm/s, 1675 mm/s, 75 pm, 97.5 um, Board erties and creep strength of SLM samples.
spot dia. - 150 pm 200 W 2000 mm/s 120 pm (Island) Un-melted powder observed on the fracture surface
that initiates the crack propagation in SLM samples.

Aboulkhair  Renishaw AM 250 SLM machine, 200 W Yb- 200 W 570 mm/s 130 pm 25 pm Checquer e A Higher micro hardness of 109.7 HV observed in the [42]
et. al. Fibre laser board plane parallel to build plate than perpendicular
(2020) plane.

Due to homogeneous distribution of Si particles, uni-
form Nano-hardness was observed.

Lam et. al. SLM280HL machine, laser beam spot size 350 W 930 mm/s 190 pm 50 pm - o The microstructure of as-fabricated part was cell like [82]
(2015) dia. — 80 um dendrites of a-Al phase and eutectic Si with Mg,Si

phase.

The gained cell like dendritic o-Al phase dissolved a
small content of Si and developed the face-centre
cubic Al

Beretta et. SLM 280HL SLM Solution Group AG, Inert 350 W 1650 mm/s 130 pm 50 pm Strips e The specimen built in XY direction exhibits higher [62]
al. gas - Argon fatigue strength as compared to vertically built spec-
(2020) imens.
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Table 3 (continued)

Author SLM System SLM Process Parameters Research Findings Ref.
(vear) Laser Power Scan Speed Hatch Spacing Layer Scan
Thickness Strategy
Reasonable correlation between surface roughness
and crack development was observed in the printed
parts.

Aboulkhair  Renishaw AM 250 SLM machine, 200 W Yb- 200 W 570 mm/s 130 pm 25 pm Chequer e The SLM pares had better mechanical strength as [111]
et. al. Fibre laser board compared to cast parts.

(2016) The YS of heat treated samples was observed 169
MPa which was less than as-fabricated samples.
The harness and tensile strength reduced to 20 % and
12 % respectively after heat treatment, whereas duc-
tility increased by 2.8 %.

Aboulkhair ~ Renishaw AM250 200 W 570 mm/s 80 um 25 um Chessboard o As-built samples show good performance under cyc- [92]
et. al. lic loading.

(2016) Heat treatment significantly improves the fatigue life
of printed part.

Tradowsky  Concept Laser M2 Cusing system, Yb-fibre 175 W 1025 mm/s 97.5 pm 30 pm Island e Post processing using T6 and HIP develops a homo- [93]
et. al. laser — 400 W, laser beam dia — 60 pm geneous microstructure with Si particles in Al
(2016) matrix.

Horizontally built samples shows better mechanical
properties as compared to vertically built samples.

Author (Year) SLM System SLM Process Parameters Research Findings Ref.

Laser  Scan Speed Hatch Layer Scan
Power Spacing Thickness Strategy
Li et. al. (2016) SLM 250 HL SLM Solutions GmbH, Germany, 350 W 1140 mm/s 170 pum 50 um - e As the temperature increases, the solubility of Si particles in Al [28]
Gaussian beam fiber laser — 400 W, laser decreases.
spot dia. — 80 um The size of Si particles significantly affects the tensile properties
of samples, as the size increases the mechanical strength
decreases from 434.25 to 168.11 MPa for as-built samples.

Anwar et. al. 280 HL (SLM Solutions Germany), twin (2 x 350 W 900 mm/s 120 pm - - e Spattering is an unavoidable phenomenon in SLM that affect the [75]
(2017) 400 W) CW Ytterbium fibre laser, Inert gas — properties of printed part.

Argon, laser spot size - 100 pm Scanning in the gas flow direction significantly reduces the accu-
mulation the spattered powder near the outlet.

Hitzler et. al. 280HL, SLM Solutions GmbH, Germany. 400 350 W 930 mm/s 420 pm 50 um - e The hardness deviation and rupture observed at the upper sur- [41]
(2016) W Yb-fiber-laser, Inert gas - Nitrogen face in SLM samples.

No significant effect observed of Nitrogen as inert gas on proper-
ties of SLM samples.

Fiocchi et. al. Renishaw - AM 250, Inert gas - Argon, laser 300 W 1083 mm/s, (Exposure 140 pm 25 pm - e The Si network remains unchanged during lower heat treatment [112]
(2016) spot size dia. - 130 um Time — 120 ps, Point temperature.

Distance — 130 pm.) The Si transformation takes place after 294 °C in annealing heat
treatment.

Ding et. al. (2016)  Renishaw AM250, laser beam spot dia.- 135 400 W 1000 mm/s, (PW - Exp. 135 pm 25 pum - e Under same energy input, the point exposure laser show ellipti- [39]

pm, Inert gas - Argon Time — 130 ps, Point cal shaped molten pool, whereas the continuous exposure laser
Dist — 130 um.) shows comet shaper molten pool.
Point exposure laser fine grains obtained due to higher cooling
rate.

Maskery et. al Renishaw AM250 SLM machine, Yb fibre 200 W 571 mm/s (Point Dist — 130 pm 25 um Meander e A SLM with post processing can be used to produce lightweight [49]
(2016) laser (wavelength 1070 nm), Inert gas - 80 um, Exposure time — energy absorbing structures.

Argon 140 ps) There is restriction of the Gibson-Ashby based analysis as
applied to graded density structures.

Wang et. al. (2017)  SPI+ SCANLAB system, Yb fibre laser, laser 215] 500 mm/s 70 um 25 um Chessboard e Laser parameters significantly affect the growth direction of [26]

beam diameter — 70 pum, Inert gas - Argon & Linear microstructure.

The vibration testing proved that the AM parts showed better
tensile properties and fulfil the requirements of aeronautical
industry.
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Author SLM System SLM Process Parameters Research Findings Ref.
(Year) Laser Scan Speed  Hatch Layer Scan
Power Spacing Thickness Strategy
Zhuo et. al. SLM 280 HL AM system, 400 W fiber laser, laser beam 300 W 800 mm/s 130 um 30 um - o The heat treatment at 300 °C for 2h with water quenching is effective [16]
(2017) dia. — 80 pm to reduce residual stresses.
The residual stresses were reduced to —13 MPa from —111 MPa.
Takata et. al. EOSINT M 280 AM system, Yb laser — 380 W EOS 380 W - 100 pm 30 um - o The melt pool consists of columnar a-Al surrounded by superfine Si  [88]
(2017) GmbH, Germany. particles.
At higher temperature coarse Si particles were observed with a stable
intermetallic phase.
Trevisan et. - 20 W, 240 20 mm/s, 100 pm - o For each metal powder the process parameters should be optimized [115]
al. (2017) w 250 mm/s correctly.
In as-fabricated samples higher mechanical properties and more
residual stresses were observed.
Need to develop new heat treatment process to improve mechanical
properties.
Liu et. al. BLT-S300 SLM machine, Xi’an Bright Additive 500 W 1500 mm/s - 30 um Zig-Zag o The higher cooling rate of 1.44 x 10° K/s observed at the upper surface [76]
(2018) Technologies Co., Itd. as compared to lower surface of 1 x 10> K/s in SLM.
Higher cooling rate in top surface of melt pool develops sub grains and
sub boundaries and fine Si particles.
The fine Si particles results in higher hardness and wear resistance in
SLM samples.
Raus et. al. SLM 125 HL, SLM Solutions, fibre laser 400 W laser 350 W 1650 mm/s 130 pm 30 um Strips e SLM shows very high values of UTS, YS, hardness & % elongation at [77]
(2017) beam spot dia. — 80 pm, Inert gas - Argon break as compared to HPDC alloy A360F and A360T6.
Relative density of 99.3 % achieved with low porosity.
Salmi et. al.  SLM EOSINT M 270 extended machine, Inert gas - 120 W, 95 800 mm/s, 100 pm, 30 pm Island e The direct contact between print sample and support structure has [68]
(2017) Argon, laser spot size dia. — 10 pm W, 80 W 900 mm/s 170 pm significant effect on residual stresses.
The standard heat treatment adopted not sufficient to relive residual
stresses.
Tang et.al. EOS M280 SLM machine, laser beam spot dia.- 100 pm, 370 W 1300 mm/s 220 pm 30 pm - e The Z oriented samples show smaller tensile ductility as compared to  [50]
(2017) Inert gas - Argon XY oriented ductility.
The porosity also affects the tensile ductility.
Author SLM System SLM Process Parameters Research Findings Ref.
(vear) Laser Scan Hatch Layer Scan
Power Speed Spacing Thickness Strategy
Pei et. al. Self-developed SLM 150, ytterbium fiber laser YLR-500-WC- 150- 600- 50 pm, 60 40 um Random o A fine track reduces porosity & improves densification. [78]
(2017) Y11, IPG, Laser Gmbh, Germany, laser beam dia — 70 um 180 W 1400 pm, 70 pm rotation The porosity level significantly affected by hatch spacing.
mm/s In SLM samples elongated dendritic structure observed in vertical
section whereas cross shows microcellular structure.
Higher hardness observed in SLM samples as compared to cast
samples.
Palumbo EOSINT M280, Yb fiber laser 400 W, Beam wavelength: 1060- 400 W 7000 - - - e The use of smaller layer thickness and hatch distance results in [51]
et al. 1100 nm, laser beam dia. — 100 um mm/s higher density and mechanical properties.
(2017) The higher scan speed results in tighter and cleaner welding beds
within the sintered material.
Chen et. al. SLM 250HL, SLM Solutions Germany, yb fiber laser, laser beam 350 W 1170 240 pm 50 pm - e The higher YS of 300 MPa and UTS of 455 MPa observed. [52]
(2017) dia — 0.08 mm mm/s Higher strength and strain hardening due to Orowan looping.
Boschetto EOSINT M systems, EOS GmbH - Electro Optical Systems, beam 370 W 1300 0.19 mm 30 pm - o The balling effect was developed due to the satellite particles and [118]
et. al. dia. 100 pm mm/s staircase effect in feedstock powder.
(2017)
Xiong et. al.  SLM Solutions GmbH, SLM 250 HL, Inert gas - Argon 350 W 920 - - - e Columnar o~Al grains observed with cell like structure in eutectic [83]
(2019) mm/s Si & Al matrix.

Crack initiated and progressed along the melt pool boundaries.
The anisotropy in samples was governed by spreading of melt pool
boundaries on surface.
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Table 3 (continued)

Author SLM System SLM Process Parameters Research Findings Ref.
(vear) Laser Scan Hatch Layer Scan
Power Speed Spacing Thickness Strategy
Liu et. al. EOSINT M 280 SLM system, EOS Germany - Yb fiber laser, Inert 380 W 1000 - 30 um Meander o The microstructural change is due to the solidification direction in  [79]
(2018) gas - Argon mmy/s SLM.
The melt pool consists of columnar a—Al phases surrounded by fine
eutectic Si particles.
Casati et. al.  EOS M290 SLM system 340 W 1300 200 pm 30 um - e The conventional T6 heat treatment results in poor mechanical [53]
(2018) mm/s strength with improved ductility.
SLM parts produced on cold platform results in improved mechan-
ical properties as compared to parts printed on hot platform.
Author SLM System SLM Process Parameters Research Findings Ref.
(vear) Laser Scan Hatch Layer Scan
Power Speed Spacing Thickness Strategy
Wang et. Renishaw AM 250 system, ytterbium fiber laser — 400 W, 400 W 1000 175 um 25 pm Chessboard e T6 HT has no significant effect on part densification. Similar densification  [24]
al. laser beam dia — 76 pum, Inert gas - Argon mm/s or Island of 96 % & 96.52 % was observed in as-fabricated and post processed sam-
(2018) ples.
20 % hardness reduced in heat treated samples as compared to as-built
samples.
T6 HT improves fracture toughness.
Fousova et.  SLM Solution 280 HL machine, 400 W YLR-Faser-Laser 350 W 500 170 pm 50 um - e At 160 °C temperature, improvement observed in tensile and yield [9]
al. mm/s strength but reduces % elongation.
(2018) Conventional heat treatment results in significant drop in mechanical
properties.
Girelli et. EOS M290 system, Yb fibre laser - 400 W, beam dia 100 pm 370 W 1300 190 pm 30 um - e As-built AM parts exhibits superior mechanical properties as compared [94]
al. mm/s to gravity cast produced parts due to grain refinement.
(2019) For both GC & AM samples, better performance observed after HT at
540 °C for 1h, water quenching followed by ageing at 180 °C for 1h.
Yang et. al.  Concept Laser M2, Yb-fiber laser — 400 W, laser beam dia — 370 W 1500 105 um 50 um - e As laser energy density increases, the stability of deposited tracks [37]
(2018) 50 pm, wave length range is 1064-1100 nm, Inert gas - Argon mm/s decreases.
With lower laser energy density, the balling phenomenon’s observed in
melt pool.
Maamoun EOS M290 machine, 400 W Yb-fiber laser, Inert gas - Argon 370 W 1300 0.190 30 pm Strips e Recycled powder can be reused to reduce cost. [95]
et. al. mm/s mm Similar microstructure was observed in recycled powder.
(2018) Higher relative density of 99.7 % observed.
Lv et.al. Raycham LDM 8060, 4 kW Laserline IPG fibre laser, Inert gas- 2000-  360- 150 pm - 'S’ strategy o In LMD, the L range of 200 J/mm to 450 J/mm was the best parameters [96]
(2019) Argon 3600 840 with 99 % densification.
w mm/s As solution time increases, Si particle size also increases.
Author (Year) SLM System SLM Process Parameters Research Findings Ref.
Laser Scan Hatch Layer Scan
Power Speed Spacing Thickness Strategy
Sajadi et. al. TruPrint 3000 machine (TRUMPF GmbH + Co. KG, 420 W 1300 mm/ 210 pum 50 um Chessboard o Higher hardness of 115 HV observed in non-heat treated samples. [97]
(2021) Ditzingen, BW, Germany) s After the heat treatment, columnar dendritic sub grains, and hatch
overlaps, disappear.
Mertens et. al.  MTT SLM 250 175W  195mm/s 190 um 60 um - o Better Mechanical properties were observed after heat treatment at [98]
(2015) 250 °C, 2h.
The hardness of as-fabricated samples observed more than heat treated
samples
Zhang et. al. Self-developed machine (LSNF-2) 490 W 2000 mm/ 100 pm 40 um Zig Zag o As temperature increases over 320 °C, the melt pool disappears & mor- [99]
(2019) s phology of Si changes from dendritic in to particles.
The micro hardness of as-built samples is the highest. Annealing treat-
ment reduces micro hardness.
Krishna et. al.  EOSINT M 280, 400 W Gaussian beam fiber laser, beam 350 W 1140 mm/ 170 pm 50 pm - o As-fabricated SLM parts are brittle due to residual stresses developed. [84]
(2020) diameter — 80 um, Inert gas- Argon s Residual stresses reduced after heat treatment.
Takata et. al. EOSINT M 280 (EOS GmbH, Germany) 380W - 150 pm 30 um - [80]

(continued on next page)
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Table 3 (continued)

Author (Year) SLM System SLM Process Parameters Research Findings Ref.
Laser Scan Hatch Layer Scan
Power Speed Spacing Thickness Strategy
(2018) o The alloy hardness marginally reduced with reducing sample width.
The melt pool consist of columnar o-Al grains enclosed by Si particles
Tang et.al. EOS M280, Laser beam diameter — 80 um 370 W 1300 mm/ 190 pm 30 pm - o In SLM, hatch spacing & build orientation affects mechanical properties [54]
(2016) s
Even et. al. Concept Laser M2 Cusing machine 200W 1400 mm/ 97.5pum 30 pm o Residual stresses reduced approximately by 20 %. [100]
(2020) s Microstructure restructured after T6 heat treatment.
Ding et. al. - 400 W 300 mm/s 130 pm - - o Exposure time has insignificant effect on heat transfer. [55]
(2017) Point distance affects width & depth of melt pool.
Weingarten et. Trumpf Trumaform LF250 machine, Nd:YAG laser — 910 W 1000 - 200 um 50 pm - e Dry Alsi10OMg alloy powder required to reduce porosity. [56]
al. (2015) 1000 W 4000 mm/ Low scan speed lead to outgassing of pores from the melt pool.
s
Author (Year) SLM System SLM Process Parameters Research Findings Ref.
Laser Scan Speed Hatch Layer Scan
Power Spacing Thickness Strategy
Larrosa et. al. Concept Laser M2 Cusing system, Ytterbium 175 W 1025 mm/s 97.5 pm 30 pm Chequer e In SLM, micro porosity formed due to lack of fusion, [57]
(2018) fiber laser — 400 W, spot size dia. — 60 pm, Board shrinkage and gas evolution during solidification pro-
Inert gas - Argon (Island) cess.
T6 heat treatment followed by HIP reduces porosity dur-
ing built.
The yield strength of as-built samples observed better.
Wang et. al. (2018) Space M200 type SLM 200 W, 100 mm/s, 200 mm/s, 300 150 pm 50 pm - o The residual stresses can be controlled by influencing the [70]
300 W, mm/s temperature field in melting and solidification of powder
400 W layer.
In SLM process, the laser power affects the energy input,
the scanning speed affects the cooling rate, and the laser
scanning strategy affects the heat dissipation.

Biffi et. al. (2018) Renishaw AM 250 system, Pulsed Wave PW — 1166 mm/s, (PW - Exp. PW — 140 PW - 25 - e In continuous wave laser samples, the Mg,Si precipita- [38]
(PW) ytterbium fiber laser; SLM 500 system, 300 W, Time — 120 ps, Point Dist —  pum,CW —  pm, CW — tion was trigged whereas pulsed wave laser are charac-
400W Continuous Wave (CW) fiber laser CW — 140 pm.) CW — 1150 mm/s 170 pm 50 pm terized by lower activation energy related to Si

350 W precipitation.
The obtained energy densities were 50.79 J/mm?® for the
CW sample and 79.12 J/ mm? for the PW sample.
Amani et. al. SLM 250, Inert gas - Argon 250 W 571 mm/s - 60 pm - e A FEA model was developed for analysis. [58]
(2018) Simulation revealed the similar agreement with devel-
oped models prediction of fracture.
Iturrioz et. al. SLM 280HL 400 W - - - - e The relative density of 99.9% was observed in as-fabri- [113]
(2018) cated samples. After heat treatments, due to the forma-
tion of Si, the tensile strength and hardness reduced.
T6 heat treatment was found best performing heat
treatment.

Han et. al. (2018)  AM250 Renishaw plc, Wotton-under-Edge, 200 W 500 mm/s 130 pm 25 pm chessboard e Heat treatment does not have significant effect on sur- [101]
Gloucestershire, UK,SLM system, ytterbium fill-hatch face finish.
fiber laser type Tensile properties can be tailored by controlling the post

process heat treatment parameters.
The high-frequency laser surface remelting enhanced the
micro hardness.
Author SLM System SLM Process Parameters Research Findings Ref.
(Year) Laser Power Scan Speed Hatch Layer Scan Strategy
Spacing  Thickness

Asgari et.  EOS M290 machine, Yb-fiber laser —400 W, laser beam 370 W 1300 mm/s 170 pm 90 um Strips [59]

al. spot dia. 100 um
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Table 3 (continued)

Author SLM System SLM Process Parameters Research Findings Ref.
(Year)

Laser Power Scan Speed Hatch Layer Scan Strategy
Spacing Thickness

(2017) o As the strain rate increased from 150/s to 1600/s, the
improvement in stress and ductility observed.
The texture is not affected by deformation of high
strain rate.

Liu et.al. ~ TRUMPF Trumaform Lf 250 machine, Spot dia.- 230 ym 175 W, 225 W, - - - Strips e Both columnar and equiaxed grains were observed in [67]
(2019) 275 W, 325 W SLM samples.

The grain size is much smaller in low laser power
samples.

Bao et. al.  BLT S310 (Xi'an Bright Laser Technologies Co., Itd), 500 W  360W —400W  1200mm/s — 130 um 50 um - o Cyclic plasticity observed when strain exceeds 0.9. [72]
(2020) fibre laser, Inert Gas - Argon 1500 mm/s - 160 The development of flaws along the loading direction is

pm 10 times greater than that of lateral side.

Liu et. al. Renishaw AM 400, modulated ytterbium fibre laser, 200 W - 80 um 25 um Meander, e The laser remelting effectively improves the surface [27]
(2019)  wavelength- 1070 nm, spot dia — 80 um Strips, roughness & relative density up to 99.3 %

Chessboard The fine grains with supersaturated o~Al improve the
hardness from 117 HV to 121 HV.

Dong et. EOS M290 Machine, Yb-fiber laser —400 W, beam dia. 370 W 1500 mm/s 150 pm 30 um - e As the build angle increased from 35.5° to 90°, the [65]
al. —100 pm, Inert gas - Argon overall mechanical properties improves more than 12
(2019) %.

The cooling rate in upper surface is twice as that of
lower surface.

Jiang et. Space M200 Machine 400 W 200 mm/s 150 pm 50 pm Chessboard o The stress & strain variation observed with variation in  [102]
al. heating temperature.

(2019) Heating temperature of 350 °C is more suitable for SLM
samples.

Zhang et.  Self-developed multi-laser beam SLM system,4 Lasers — 490 W 1800 mm/s 100 um 40 pm Raster o The microstructure of overlap area is slightly different [60]
al. 500 W, laser spot size dia. — 100 pm, Inert gas - Argon than isolated area.

(2019) The isolated and overlap samples shows similar
microstructure and mechanical properties.
The cracks mainly developed along the melt pool
boundaries.

Majeed et. SLM 280 HL machine 320 W, 360 W, 600 mm/s, 750 - 30 pm - e As the laser power increases, the surface roughness [71]
al. 400 W mmy/s, 900 mm/s increases due to increased laser beam intensity.

(2019) As the scanning speed of laser beam increases, surface
roughness initially decreases and the slightly increases.

Author (Year) SLM System SLM Process Parameters Research Findings Ref.

Laser Power  Scan Speed Hatch Layer Scan
Spacing Thickness Strategy

Parveen et. al. SLM 280HL system, Ytterbium fiber 170-250 W 500-700 mm/s - 35 um, 60 - e With increase in layer thickness, the build time can be [63]
(2021) laser — 400 W, laser spot size 80 um pm reduced, that reduces the production cost.

Better mechanical properties were observed for lower layer
thickness.

Hirata et. al. EOSINT M280 EOS GmbH, Yb fiber 300 W 1200 mm/s 150 ym - - o Hot Isostatic Pressing (HIP) heat treatment results in fine den- [110]
(2019) laser — 400W, laser beam dia. — 100 dritic cell microstructure of sub-micron size were observed.

pum, Inert gas - Argon No major changes were observed in different energy
densities.

Liu et. al. (2019) Laser powder Deposition system, Laser 120 W, 130 400 mm/min 450 mm/ - - - o Laser power is the most significant parameters in SLM that [64]

power - 500 W, Beam diameter - 0.5 W, 140 W, min 500 mm/min 550 contributes 49.43 % in relative density followed by scan speed
mm 150 W, 160 W mm/min 600 mm/min that contributes 33.74 %.
Almost fully dense part obtained under the optimized process
parameters.
Ch et. al. (2019) EOS M280 DMLS machine, Inert gas - 370 W 1300 mmy/s 190 pm 30 um - [119]

Argon & Nitrogen

(continued on next page)
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content of Si remains unchanged after the solubility of Si in the a-
o o = Al matrix and the grain grows rapidly at higher temperature. Dur-
e = = ing the succeeding aging, the Si precipitated evenly in the matrix
TS K T RO and increased up to a certain extent. The heat treatment time is
2 g E £ ¢E g very important in T6 heat treatment. The too short time results
E 5.4 © Eg o in incomplete dissolve of the eutectic Si, whereas too long tome
& f’x;f’g é 8 E S rim’ cause the serious coarsen of the grains, results in the deterioration
g T® .z § ga g of mechanical properties. The maximum strength of the materials
g0 < S o % © £ can be achieved when the eutectic Si is fully dissolve and coarsen
%% g2 E E £@ ; the grains [24]. Li et al. [28] observed the superfine microstructure
é % i ° g § f =) in as-fabricated samples due to the higher cooling rate in printing
%> g =z ; g 3 g that significantly improved the mechanical properties. Anwar et al.
%:’a: ch % L 3 2 S [75] exposed that the inert gas flow velocity and laser scan direc-
g 2 S g o § p S ” tion affects the microstructure. Xiong et. al. [83] studied the effect
£g § 25 ® X A of melt pool boundary conditions on properties of SLMed AlSi10Mg
2 '5 3 ?; - 2 EeE alloy. The response of mechanical properties to melt pool bound-
" S 2 3‘? g E 57T g S5 é aries was examined with the morphology and orientation of Al
g 8= Y é °® % = E = E and Al-Si around the melt pool boundary. The microstructural
,E E & ﬁ_—g-oa §§ R 38 analysis revealed that the melt pool mainly consist of columnar
5 _a:a“ms £ a § s ; g g ”E‘ § § o-Al grains with the elongated cellular structure having length
g EESETEERESSS and width of around 1-3 pm and 0.5 um respectively. The eutectic
é . . . Si and Mg was also observed at the cell boundaries. Liu et. al. [79]
designed and fabricated the box shaped structures with X shaped
== interior shelves to investigate the microstructural properties of
§ g % £ SLMed AlSi10Mg alloy. The findings indicated that the build orien-
§ § g % % tation affects the elongation direction of the columnar o - Al in the
“w @ ! T & a melt pools and several columnar o-Al enclosed by numerous fine Si
g particles were observed. These columnar o-Al grains were elon-
- = g gated in the Z-direction. The higher cooling rate in printing process
%é > > causes the elongation of a-Al grains along the heat flow direction.
© “ The heterogeneous microstructure was observed in the crossing
= _E" £ £ region of the X-shaped shelves. The «-Al grains observed in the
£ § = N lower portion of X shelves are coarser and equiaxed as compared
T a 0 - to the upper portion results in different hardness in these portions.
Liu et. al. [27] studied the meander & remelting strategy to gain
insight on variation of the microstructure & micro hardness with
surface morphology, molten pool characteristics [122], relative
density & phase identification. The results show that the laser
T 2 2 remelting effectively enhances the surface roughness & relative
£ :-,. E E density. The Ra value decreased to 9.94 um from 13.34 um i.e
g E § § 25.49 % and the density increase from 2.60 g/cm3 to 2.66 g/cm3
gl @ - — also relative density increase from 97.2 % to 99.3 %. The finer
=1 microstructure with supersaturated o— Al improves the hardness
gl 2 from 117.7 HV to 121.6 HV. Dong et. al. [65] elaborated the effect
E § z z of build orientation on microstructure and tensile properties and
=S| 8 S S mechanism of thermal heat transfer during SLM of AlSi10Mg sam-
@al3 - ™ ples. The microstructure size was influenced by the thermal beha-
5 viour in the melt pool. The difference in cooling rate at the core and
= surface region of melt pool affects the grain structure. In the sur-
g face region, the high cooling rate causes a fine cellular dendritic
Z microstructure with a rich Si network in Al matrix, whereas the
>m‘. core of melt pool shows a coarser cellular dendritic microstructure.
= s As the build angle increased from 35.5° to 90°, more than 12 %
§ % - improvement in mechanical properties were observed.
« 2 &
£ § ; < 2.4. Mechanical properties of additively manufactured AlSi10Mg alloy
g 2= 8%
E % % ‘é The mechanical properties of specimen were characterized
z 2 n = through different test as per the ASTM standards. These properties
P s are depends on the morphology and size of Si phase, the size of Al
g = § § secondary dendrite spacing, the eutectic laminar spacing etc. and
£ ;.3 ; = are mainly depend on the cooling rate. Also these properties vary
ST £ ; significantly with the microstructure evolution during printing
Y ,:f g = process and after post heat treatment. Kempen et. al. [18] investi-
22 s 8 gated the tensile properties of AM produced AlSi10Mg parts and
e compared with the conventionally cast AlSi10Mg parts. The UTS
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Table 4

Suggested ranges of SLM process parameters for additively manufactured AlSi10Mg alloy.

Materials Today: Proceedings xxx (Xxxx) Xxx

SLM Standard Parameters

Suggested Ranges of SLM Process Parameters for AlSi10Mg Alloy

Laser Power
250 W - 350 W

e Laser Type - Nd: YAG laser
Wavelength 1060 - 1100 nm
Laser Beam Spot Diameter - 70-100 um
Inert Gas - Argon

Scan Speed *
Continuous Wave laser
1200-2000 mm/s
Pulsed Wave laser

Scan Spacing
80 pm — 120 pum

Layer Thickness
30 pm — 50 pm

Scan Strategy
Stripes

Point Distance 70-90 pm
Exposure Time 40-60 psec

" For pulsed wave laser system, scan speed is not a direct editable parameter. It is calculated using the following formula.

s

Fig. 2. Schematic diagram showing microstructure evolution mechanism [24].

of SLM parts was 396 + 8 MPa as compared to that of casted parts
UTS of 300-317Mpa. The % elongation in SLM parts increases from
2.5 % to 5.5 %. The highest hardness achieved was 127 Hv in SLM &
86 Hv in casted parts. Mauduit et. al. [47] evaluated the material
hardness and electrical conductivity, along with mechanical prop-
erties & microstructural changes of the AlISi10Mg alloy material &
AlSi10Mg matrix composite. The UTS, yield strength & % elongation
in the as-built state was 359 MPa, 308 MPa & 1.7 % & in heat-
treated specimens was 290 MPa, 262 MPa & 2.6 % respectively.
The results show that a significant increase in the mechanical
properties compared with casting. Wang et. al. [26] investigated
the microstructure, structural performance and tensile fracture
morphology at different orientations to analyse structural proper-
ties of AISi10Mg alloy. The results observed were, ultimate tensile
strength 315 MPa, yield strength 265 MPa, % elongation 5.36,
impact energy 3.63 ] and density 2.62 g/cm3 x-z direction. The
SLM parts have higher mechanical properties as compare to the
cast and forge material due to its superfine microstructure. The
microstructure observed was fine equiaxed crystallites. Raus et.
al. [77] investigated and compared the tensile properties of SLM
AlSi10Mg specimens and conventionally die cast A360 alloy. The
hardness and strength of SLM AlISi10Mg as built samples were
improved by 42 % and 31 % respectively as compared to cast
A360 alloy. The maximum density of 99.13 % was achieved with
the optimized process parameters like laser power 350 W, scan
velocity 1650 mmy/s and hatch distance of 130 pum. Parveen et. al.
[63] highlighted the effect of printing parameters on microstruc-
ture and tensile properties of AM AlSi10Mg alloy. The layer thick-
ness of 30 pm and 60 pm, laser power of 170 W and 250 W with
scan velocity of 500 mm/s and 700 mm/s were selected for inves-
tigation. It was observed that for both the layer thickness of 30 pm
and 60 pm, the micro hardness didn’t changes too much and
observed 124 HV. The better mechanical properties of 30 pum layer
thickness were observed as compared to 60 pm due to low poros-
ity and superfine cellular dendritic microstructure. The UTS of
359 MPa and 446 MPa, YS of 232 MPa and 265 MPa and % elonga-
tion of 7.81 % and 9.63 % observed for 60 pm and 30 pm respec-
tively. The horizontal built samples showed better mechanical
properties as compared to vertically built samples.

So from the available research on comparative study of cast
AlSi10Mg alloy [94,34,32,18,20], and SLM AISi10Mg alloy, fine
microstructure and higher mechanical properties were observed
in SLM AISi10Mg aluminium alloy and can be concluded that the
AlSi10Mg is better candidate for selective laser melting.
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2.5. Heat treatment on additively manufactured AlSi10Mg alloy

Post heat treatments performed on additively manufactured
AlSi10Mg Al alloys to improve the microstructure and mechanical
properties. Usual treatments consists of heating and cooling to
obtain recrystallization, different microstructures as well as get
rid of impurities during manufacturing which results in an increase
of strength and hardness of the alloy. Li et. al. [28] explored the
influence of solution & aging heat treatments on the microstruc-
tures & tensile properties of SLMed AlSi10Mg alloy samples. The
samples were heat treated at the various temperatures of 450 °C,
500 °C & 550 °C for 2 h, followed by quenching. The solubilities
of Si in Al matrix for the samples treated at 450 °C, 500 °C, and
550 °C were 3.25, 2.75 and 2.13 % respectively. The as-fabricated
specimen shows the highest tensile & yield strengths of 434.25 + 1
0.7 MPa & 322.17 £+ 8.1 MPa, respectively but records the minimum
ductility of 5.3 £ 0.22 %. As the specimen was heat treated at 450 °C
for 2 h, there was intensely decrease in both tensile & yield
strengths (282.3 £ 6.1 MPa & 196.58 * 3.6 MPa, respectively), with
a huge increase in ductility of 13.4 £ 0.51 % was observed. Trad-
owsky et. al. [93] investigated the effect of post processing on
microstructure and tensile properties of SLM AlSi10Mg. Fresh and
recycled AlSi10Mg alloy [87] powder has been used to study the
effect on mechanical properties. The samples prepared with recy-
cled powder shows reduced mechanical properties as compared
to the samples fabricated with new powder. The T6 and hot iso-
static pressing post processing results in homogeneous microstruc-
ture with Si particles in Al matrix. The grain size observed was
more significant in as build samples compared to HIP + T6 heat
treated samples. The melt pool consists of dendrite cell network
having cell size less than 1 pum. The equiaxed grains observed in
cross section whereas the column like grains observed along build
direction with width and diameter of about 5 pm. Takata et. al. [88]
examined the variations in the microstructure & tensile properties
of AlSi10Mg alloy produced by SLM. The as-built sample was held
at 300 °C for 2 h (annealing) and at 530 °C for 6 h (SHT), followed
by water quenching. The microstructure of the o-Al matrix con-
tains of elongated grains with a average width of 10 pum in the
as-built sample. The hardness of the as-built sample significantly
reduces from 132 HV to 88 HV after annealing and solution treat-
ment, the hardness decreased to 60 HV. The as-built sample shows
YS of 280 MPa in X/Y direction & tensile strength of 480 MPa. The
elongation was around 8 %. In its counterpart in the Z direction, the
YS were 230 MPa, whereas the UTS were at the same level. The ten-
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sile elongation was 5 %, which is minimum than in X/Y direction.
Zhuo et.al [104] examined the influence on SLM AISi10Mg by
two kinds of heat treatment regimes, i.e. A1 (300 °C for 2 h and
water quench) and A2 (535 °C for 1 h and water quench with
190 °C for 10 h and furnace quench). From the tensile test and nano
indentation results, it was observed that the application of SLM
with additional A1 heat treatment would result in a more reliable
mechanical behaviour with engineering-required plasticity of no
less than 10 % while keeping a relatively high strength of
273.18 MPa. Yu et. al. [90] deliberate the effect of two-stage T6
heat treatment on SLM fabricated AlSi10Mg alloy. The process
included a SHT at 535 °C and ageing at 158 °C for 10 h. The effects
of the T6 heat treatment on the density, hardness, and oxidation
behaviour have been examined. Similar dinsity of 96 % in the as-
built specimens and of 96.52 % in the heat treated samples shows
that the T6 heat treatment has no importance to the density. The
hardness decreased by about 20 % of heat treated specimens as
compared to as-fabricated specimens. Wang et. al. [24] investi-
gated the performance of SLM manufactured AISi10Mg alloys after
standard T6 heat treatment rather than conventional single stage
heat treatment in the casting. The results show that the UTS of
the heat treated specimens marginally decreased by 19.97 %, while
the elongation exhibited a significant increase by up to 155 %. Sim-
ilarly, the bending strength decreased by 6.1 %, while the fracture
deflection increased by up to 122.9 % after heat treatment [105].
Fousova et.al [9] observed the changes in the SLM AlSi10Mg alloy
after post process temperatures between 120 & 180 °C with a step
of 20 °C and at each temperature, hardness evolution was mea-
sured. The maximum hardness observed at 160 °C & that was
selected for investigation. At the systematically tested temperature
of 160 °C, a small increase in yield strength but also a higher
decrease in elongation was observed. Uzan et. al [106] investigated
the tensile properties of SLMed AlSi10Mg specimens in the 25-
400 °C temperature range. A annealing treatment at 300 °C for
2 h, carried out to improve the ductility of the material, resulted
in an altering of Si-rich cellular boundaries. The result shows that
the stress hardening takes place up to about 200 °C and above this
temperature the mechanical behaviour is almost plastic. Creep
experiments were conducted in the 225-300 °C temperature range
under stress in the 117-147 MPa range. Rubben et. al. [2] studied
the consequence of heat treatments on the microstructure and cor-
rosion behaviour of AM AlSi10Mg specimens. Non heat treated,
artificially aged and stress released specimens were studied. The
aging at 170 °C for 6 h does not have a profound impact on
microstructure. A annealing at 250 °C for 2 h causes the silicon net-
work to initiate break-up into separate particles. By increasing the
temperature of the stress release to 300 °C, the break-up is more
complete and separate coarse silicon particles are formed. Girelli
et. al [94] examined the impact of temperature & duration of heat
and ageing treatment on microstructure, hardness & density of
SLM AISi10Mg alloy & gravity casting (GC). After ageing at 160 °C
for 4 h, the hardness of 510 & 540 °C SHT samples increases up
to 100 HBW, as compared to the samples treated at 480 °C, which
was 20 % lower. The gravity cast samples, treated at 480 °C and
aged at 160 °C for 4 h, the hardness of 80 HBW observed without
considerable effects of heat treatment duration. Larrosa et. al.
[57] analyzed the relation between the monotonic and cyclic beha-
viour of SLM produced AlSi10Mg samples with the presence of
manufacturing defects such as pores, voids etc. and the significance
of T6 and hot isotropic pressing treatment. The T6 treatment fol-
lowed by hot isotropic pressing treatment reduces the porosity
by 44 % for vertical build and 65 % for the horizontal build. No
improvement observed in mechanical properties. However the
higher yield strength was observed due to the cell like regions of
about 350 nm diameter of Al grains. These regions were sur-
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rounded by 10 nm thick regions of Si. Maamoun et. al. [95] studied
the consequence of post processing on fresh and recycled AlSi10Mg
alloy powder. Three types of heat treatments, annealing [107],
solution heat treatment and T6 treatment was applied on as-
fabricated samples to understand the effect on microstructure.
The fibrous Si network was decomposed and fine Si particles
observed around the Al grains after annealing, whereas for the T6
and solution heat treated samples, large Si particles inside the Al
matrix with Mg2Si precipitates was observed. The generated resid-
ual stresses after machining were relief after annealing. The T6 and
solution heat treatment leads to residual stresses on the surface of
part. Rautio et. al. [108] elaborated the effect of surface heat treat-
ment on the SLM printed AlSi1OMg specimen with disk laser
equipment having a wavelength of 1030 nm with robotized laser
heat treatment. Surface treatments were carried out by experi-
menting with the laser parameters that are Laser power, speed
and the amount of overlap between the laser paths. The effect of
repeating the same treatment on the surface has experimented.
Jiang et. al. [102] investigated a method for simulating the heat
treatment of AlSi10Mg, where the real-time changes of microstruc-
ture, grain size & residual stress in the heat treatment were
analysed by building 3D models and software simulation to save
time and cost. The results show minimum residual stresses when
the heating temperature was 350 °C as compare to 550 °C. The
strength decreases by 40 % and the plasticity increases by 2.8
times. The plasticity of SLM AlSi10Mg alloy specimens was signif-
icant improved after heat treatment. Zhang et. al. [60] explored the
effect of overlap on defects, microstructure and tensile properties
of SLM samples manufactured by single laser and multi laser beam.
In SLM the melt pool appears with three different zones: at centre,
fine cellular dendrite surrounded by course cellular dendrite and
the heat affected zone at outside boundary of melt pool. The Si par-
ticles are separated in the HAZ due to the local thermal effect. The
results show that the samples produced by single laser and multi
laser beam didn't affect the microstructure and mechanical proper-
ties. The average micro hardness was 137 + 2 HV and 136 + 2 HV
for isolated and overlap samples. The ultimate tensile strength
was 395 + 1 for Isolated and 389 + 4 for Overlap samples. The yield
strength observed was 276 + 2 for Isolated and 273 * 6 for Overlap
samples. The % elongation increases to 5 + 0.5 for Isolated and
4.4 + 0.4 for Overlap samples.

Table 5 summarizes the heat treatment applied and mechanical
properties of AM AlSi10Mg alloy. From the available literature it is
observed that two types of heat treatments, conventional (elevated
temperature) and stress relieving (Annealing) are applied on the
SLM samples. The conventional heat treatment operated at ele-
vated temperature ranging from 450 °C to 550 °C, followed by age-
ing, whereas as stress relieving heat treatment operated at 300 °C
for 2 h. The available researches on these heat treatments and
effect on mechanical properties of SLM AISi10Mg alloy has been
summarized here.

3. Directions for future research

Although several studies have been carried out and high-
lighted the various aspects from powder characterization to
post-processing of SLM AlSi10Mg parts, there are still some of
the grey areas that need to be addressed and further study
required in this regard. The gaps identified from the literature
are listed below.

e From the literature available it is observed that most of the
researchers focused on microstructure and mechanical prop-
erties of SLM AlISi10Mg alloy with limited selective process
parameters like scan speed, hatch spacing and laser power. It
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Table 5
Summary of heat treatment and mechanical properties of SLM AlSi10Mg alloy.
Author Heat Treatment Mechanical Properties Ref.
(Year) Ultimate Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) Hardness
As-built Heat Treated As-built Heat Treated As-built Heat Treated As-built Heat Treated
Aboulkhair SHT 333+15 292 +4 268 + 2 239 £ 2 14+03 39+0.5 125+ 1 HV 100 + 1 HV [92]
et. al. 520 °C + Artificial
(2016) ageing 160 °C, 6 h
Rosenthal 300 °C,2 h - 282 + 5 (XY), - 182 + 5 (XY), - 7.6 £ 0.05 (XY), - - [123]
et. al. 288 +£5(Z) 184 +5(Z) 7.2 £0.05 (Z)
(2016)
Qi et. al. 550 °C, 2 h, furnace - - 200 100 6 22 123 HV 51 HV [101]
(2018) cooling
Zhang et. al.  Annealing, 300 °C, 481 + 2 (Isolated), 395 =1 (Isolated), 314 + 6 (Isolated), 276 + 2 (Isolated) 3.3 + 0.2 (Isolated), 5 % 0.5 (Isolated), 137 £+ 2 HV 103 £+ 3 HV [60]
(2019) 2 h, furnace cooling 471 + 7 (Overlap) 389 + 4 (Overlap) 316 =7 (Overlap) 273 =6 (Overlap) 3.0 £ 0.2 (Overlap) 4.4 + 0.4 (Overlap) (Isolated), 136 * 2 (Isolated), 102 + 3
(Overlap) (Overlap)
Wang et. al. - 364 (XY) & 315 (Z2) - 303 (XY) & 265 (Z) - 6.7 (XY) & 5.36 (Z2) - - - [26]
(2017)
Raus et. al. - 412 +2 - 242 +5 - 6.34+03 - 139 HV, - [77]
(2017) 149 HV
Xiong et. al. - 360 (XY), 363 (2) - 220 (XY), 190 (z) - 7.1 (XY), 4.3 (Z) - - - [83]
(2018)
Amani et. al. - 267 + 10 (XY), - 169 + 4 (XY), - 9.1 £ 1.9 (XY), - - - [58]
(2018) 273+ 10 (2) 169 + 5 (Z) 82+12(2)
Kempen et. - 391 + 6 (XY), - - - 5.55 + 0.4 (XY), - - - [18]
al. (2012) 396 + 8 (2) 3.47 £ 0.6 (Z)
Bao et. al. Annealing, 300 °C, 300 113 208 101 18 29 - - [72]
(2020) 2h
Author (Year) Heat Treatment Mechanical Properties Ref.
Ultimate Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) Hardness
As-built Heat Treated As-built Heat As-built Heat Treated As-built Heat Treated
Treated
Takata et. al. SHT, 530 °C, 6h, water quenching 475 (XY),  SHT — 269 (XY), 245 (Z) 279 (XY), SHT 153 7.5 (XY),  SHT 18.3(XY), 18.1 (Z) 132 HV SHT — 60 HV, Aging — 75  [88]
(2017) 476 (2) 220(20  (XY),139  55(Z) HV
(z)
Annealing, 300 °C, 2h, water Annealing Annealing Annealing Annealing — 88 HV
quenching 285 (XY), 290 (Z) 180(XY), 18.6(XY), 14.2 (Z)
175 (2)
Mauduit et. al. 540 °C, 1h + Artificial Aging 160 °C,5h  Room Room Temp - 312 (XY) Room - Room Room Temp - 3.2 (XY) 95 HBW 140 HBW (After artificial [47]
(2015) quenching Temp - Temp - Temp - 3 ageing)
456 (XY) 368 (XY) (XY)
180 °C — 180 °C — 251 (XY) 180°C - - 180 °C - -
348 (XY) 253 (XY) 3.3 (XY)
Room Room Temp — 290 (Z) Room Room Room Room Temp — 2.5 (Z)
Temp — Temp — Temp — Temp —
359.5 (Z) 306.5 (Z) 262 (2) 1.7 (2)
180 °C - - 180°C- 180 °C - 180 °C - 180 °C-1.6 (2)
285 (Z) 213 (2) 198 (2) 3.5(Z)
Li et. al. (2016) 450 °C, 500 °C & 550 °C, 2h,water 434 +10.7 282 + 6.1 (SHT 450 °C 322+81 196 +36 53 +0.22 13.4+0.51 (SHT 450 °C 132.5+53 96.65 + 3.6 (SHT 450 °C [28]
quenching, 50 % samples (artificial for2h) (SHT for2h) for2h),
aging at 180 °C for 12h) 450 °C 78.15 + 2.8 (SHT 450 °C for
for2h) 2h + 180°C for 12h)
213 £ 4.6 (SHT 500 °C 126 + 2.1 23.5+0.81 (SHT 500 °C 2h), 87.85 + 3.1 (SHT 500 °C
2h),197 + 3.5 (SHT 500 °C (SHT 23.8 £0.87(SHT 500 °C 2h + 2h), 60.55 + 1.7 (SHT

(continued on next page)
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Table 5 (continued)

Author (Year) Heat Treatment Mechanical Properties Ref.
Ultimate Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) Hardness
As-built Heat Treated As-built Heat As-built Heat Treated As-built Heat Treated
Treated
2h + 180°C 12h) 500 °C 2h) 180°C 12h), 500 °C 2h + 180°C 12h)
168 + 2.4 (SHT 550 °C 2h), 90 £ 1.6 23.7 £ 0.84 (SHT 550 °C 63.55 £+ 1.9 (SHT 550 °C
187 £ 3.1 (SHT 550 °C 2h + (SHT 2h),19.5 + 0.6 (SHT 550 °C 2h),53.5 + 1.4 (SHT 550 °C
180°C 12h) 550 °C 2h) 2h + 180°C for 12h 2h + 180°C 12h
Author Heat Treatment Mechanical Properties Ref.
(Year) Ultimate Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) Hardness
As-built Heat Treated As-built Heat Treated As-built Heat Treated As- Heat
built  Treated
Ch et. al. - 364.9+1.6 (Argon - Z), - - - 15.58+1.9 (Argon - - — - [34]
(2017) 338.51+2.449 (Argon - Z), 18.37+1.357
XY), (Argon XY),
386.93 + 3.939 - - - 22.0£2.11 - - -
(Nitrogen Z), (Nitrogen Z),
358.70 + 2.3 (Nitrogen 19.40+2.1
XY), (Nitrogen XY),
300-317 (As cast) - - - 2.5-3.5 (As cast)
Tradowsky  SHT (T6) 520°C, 5h, water quenching + Aging 370 310 (T6) 270 270 (T6) 5 4 (T6) - - [93]
et. al. HT — 160°C, 12h, air cooling
(2016) HIP 530°C, 2h, heating & cooling rate — 5° C/ 140 (HIP) 120 (HIP 23 (HIP) -
min
Zhuo et. al.  SHT-535°C, 1h, water quenching + Ageing 446.28 SHT 273.18 270.01 SHT 169.90 8.09 SHT 15.27 2.098 SHT 1.610 [16]
(2018) 192°C, 10h, furnace quenching GPa GPa
Annealing, 300°C, 2h, water quenching Annealing 213.65 Annealing164.19 Annealing 11.08 Annealing
1.456 GPa
Girelli et. 480°C, 510°C, 540 °C, 1h, 3h, 6h, 9h, water 452 +1(XY),482+1 332 +1 (XY), 264 +4 277 £ 1 (XY), 8.6 + 1 (XY), 5.6 + 0.2 (XY), 125 108 HBW  [94]
al. quenching 65 °C, heating rate 3 °C/ min + (2) 299 +24 (Z) @540°C  (XY), 248 + 14 (Z), 6.5+0.3(2Z) 5.1+1.1(Z), @540°C HBW
(2019) Ageing 160 °C, 5h, Air cooling 1h - 180 °C 2h 247 £ 1 @540 °C 1h - 180 °C 1h - 180 °C 2h
(2) 2h
Author Heat Treatment Mechanical Properties Ref.
(vear) Ultimate Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) Hardness
As-built Heat As-built Heat As-built Heat As-built Heat
Treated Treated Treated Treated
Fousova et.  SHT (T6), 530 °C, 6h, water quenching + Ageing 160 °C, 5h, Air 377 + 13 SHT 255+ 13 SHT 22+0.2 SHT 140.7 + 1.3 [9]
al. cooling 284 + 12, 210 £ 11, 9.9 + 04, HV1 (at
(2018) 342 +8 268 + 21 0.9 +0.2 160 °C)
(160 °C) (160 °C) (160 °C)
Annealing, 300 °C, 2h Annealing Annealing Annealing -
256 + 10 158 £ 9 9.9+04
Wang et.al.  SHT, 535 °C, 2h, heating rate — 10 °C/ min salt paper bath 358 (XY), 334 (2) 278 (XY), - 160(XY), 3.64 (2) 9.28 (2) 103.2 HB 88.7 HB [24]
(2018) quenching + Ageing 158 °C, 10h, Room temp, heating rate 267.3 (2) 174 (2) (XY), 102.2 (XY), 83.5
10 °C/ min HB (Z) HB (Z)
Iturrioz et. 450 & 550 °C, 2h, water quenching 382 307 +8 248 + 2 23 9+3% 127 £+ 5 HV 101 + 4 HV [113]
al. 300 °C, 2h 220 17%
(2018)
Beretta et. - 377-381 (0°), 375- - 224-231 (0°), 203- - 4.3-5 (0°), 4.5- - - - [62]
al. 390 (45°) 387-409 208 (45°) 207-209 6.7 (45°), 4.7-6.1
(2020) (90°) (90°) (90°)
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Table 5 (continued)

Author Heat Treatment Mechanical Properties Ref.
(vear) Ultimate Tensile Strength (MPa) Yield Strength (MPa) Elongation (%) Hardness
As-built Heat As-built Heat As-built Heat As-built Heat
Treated Treated Treated Treated
Parveen et. - 359 (60pnum), 446 - 232 (60pm), 265 - 7.81 (60pm), 9.63 - - [63]
al. (30pum) (30pm) (30pm)
(2021)
Aboulkhair - 320 - 175 - 3 - 109.7 £ 0.9 99.07 £+2 HV  [42]
et. al. HV (XY) (2)
(2020)
Dong et. al. - 360.7 + 5.8 - 1763 £ 2.4 - 2.92 +0.09 - - [65]
(2019)
Hitzler et. 530 °C, 8h + Artificial Aging 170 °C for 18h 399 - 241 - 3.15 - - [65]
al.
(2017)
Author (Year) Heat Treatment Mechanical Properties Ref.
Ultimate Tensile Strength Yield Strength Elongation (%) Hardness
(MPa) (MPa)
As-built Heat As- Heat As-built Heat As-built Heat Treated
Treated  built Treated Treated
Martin et.al. - 315 - 209 - 73 - - - [23]
(2017)
Pei et. al. - 360 at scan speed - - - - - 2.25+0.1 GPato 2.71+0.1 Gpa (Topto - [78]
(2017) 1000mm/s bottom surface, Z)
336 at scan speed - - - - - - -
800 mmy/s
305 at scan speed - - - - - 2.31#0.1 GPa to 2.82+0.1 Gpa -
1400mmy/s (Centre to edge, XY)
Maskery et. al 520 °C, 1h, water quench + Artificial Aging 160 °C 330 + 10 292+4 - - - - - - [49]
(2016) for 6h
Sajadi et. al. SHT 300,400,500 °C, + Ageing 140, 160. 180 °C 347 +5 305+3 1873 240+3 45+03 6+03 - - [97]
(2021)
Mertens et. al. ~ Stress relief at 250 °C - 2h, SHT — 510°Cfor6 h+ - - - - - - 127 £ 3 Hv - [98]
(2015) ageing at 150 °C, 170 °C
Alghamdi et. 520 °C, 1h, water quenching, Artificial Ageing at - - - - - - 112.7 £ 24 HV (XY), 115.7 £ 3.5 HV 944 + 2.84, HV (XY), [114]
al. (2019) 170 °C, 4h. (2) 97.3 £ 2.8 HV (Z)
Author Heat Treatment Mechanical Properties Ref.
(Year) Ultimate Tensile Strength (MPa) Yield Strength Elongation (%) Hardness
(MPa)
As-built Heat As- Heat As-built Heat As-built Heat
Treated built Treated Treated Treated
Larrosa et. SHT, 520 °C, 5h, water quenching + 370 275 250 230 1 2 - - [57]
al. (2018) Ageing 160 °C, 12h, Air cooling
HIP, 530 °C, 2h, heating rate — 5 °C/ min, 140 120 7 -
cooling rate 5 °C/min
Maamoun SHT, 530 °C, 1h, 530 °C, 5h water - - - - - - 120 £ 2 HV 115HV  [95]
et. al. quenching + Ageing 160 °C, 11h
(2018)
Jiang et. al. 250 °C to 550 °C, 2h water quenching + 387.4 168.8 - - 3.22 9.15 - - [102]
(2019) Tempering 160 °C, 2h, Air cool 5h
Ch et. al. - 357 £ 3 (Nitrogen XY), 385 + 5 (Nitrogen Z), - - - 4.6 (Nitrogen XY), 4.5 (Nitrogen Z), - - - [34]
(2019) 338 + 2 (Argon, XY), 366 + 4 (Argon,Z) 4.6 (Argon, XY), 4.4 (Argon, Z)

(continued on next page)
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is necessary to consider other important parameters like layer
thickness, pulse duration, scan pattern etc. which contributes
to SLM product getting distinct microstructure and mechani-
cal properties.

¢ In the post-processing, two types heat treatments applied on
AM samples, one is solution heat treatment with the temper-
ature ranges between 450 and 550 °C followed by ageing
treatment between 150 and 180 °C and other is annealing at
300 °C for 2 h. It would be interesting to know the effect of
ageing temperature after annealing on the post-heat treat-
ment properties of AlSi10Mg.

¢ In the post-processing, some of the authors studied & exposed
the effect of ageing temperature and time, while other authors
disclosed the influence of the heating temperature only. This
need to extend further and the combined effect need to be
studied.

e Standard T6 heat treatment, designed for conventionally man-
ufactured parts, was implemented on AM AISi10Mg alloy. It
leads to softening of the material and affects the microstruc-
ture and mechanical properties. So, the specific heat treatment
process for AM components needs to be designed.

e A SHT, quenching and ageing heat treatment are often exe-
cuted on additively manufactured AlSi10Mg parts to dissolve
the anisotropy developed due to the layer over layer building.
The material shows different behaviour in both directions (X-Y
& Z). This anisotropy further affects mechanical properties.
The anisotropy needs to be reduced by selecting the custom-
tailored heat treatment with optimized parameters.

e Very little attention is given on the optimization of the signif-
icant heat treatment parameters like heating temperature,
heating rate, cooling rate, cooling temperature etc. An opti-
mization model considering all these parameters has not yet
been developed for understanding the influence of heat treat-
ment on mechanical properties of AlSi10Mg alloy.

e The energy density is one of the important parameters in SLM
& there is no direct relationship between the energy density &
part quality. It is clear that only energy density is not able to
completely represent the SLM process.

e The literature is silent on the behaviour of 3D printed AlSi10Mg
alloy material subjected to the cryogenic treatment. The cryo-
genic treatment combined with traditional heat treatment can
improve the microstructure, density, dimensional stability
and reduces the residual stresses generated in SLM. Such infor-
mation is essential for the improvement in mechanical proper-
ties and removal of residual stresses induced in the specimen.

Ref.
[76]
[109]

1105

Treated

Heat
HV
605
HV

148 £+ 7 HV &
126 £ 6 HV
125 £ 5 HV

Hardness
As-built

Treated
187 +1.2
388+ 1.0

Heat

0.1

Elongation (%)

As-built
7.8 +

Yield Strength
(MPa)
As- Heat
Treated built Treated
263+5 1835
1155

Heat
286 + 2
184 +1

These gaps need be addressed to improve the mechanical prop-
erties and can be achieved by the employment of the optimization
model for the SLM process.

Mechanical Properties
Ultimate Tensile Strength (MPa)

As-built
473 £ 1

4. Conclusion

After studying the process parameters, mechanical properties
and post processing on additively manufactured AlSi10Mg alloy
following conclusions were made.

e The important printing parameters like laser power, scan veloc-
ity, scan spacing and layer thickness plays an important role in
the SLM process as they directly affect the microstructure and
mechanical properties of AM product. So to get better result,
it is necessary to select the precise process parameters using
optimization techniques.

e The microstructure is affected by the cooling rate, melt pool for-
mation, thermal gradient, laser parameters & alloy composition.
The rapid solidification, shallower melt pool and thermal gradi-

Stress relief at 250 °C - 2h,

Heat Treatment
HIP 500 °C - 2h

Author
(Year)
Liu et. al.
(2017)
Rosenthal
et. al.
(2018)

Table 5 (continued)
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ent during SLM are responsible for the formation of fine
microstructure. This fine microstructure is the reason for high
mechanical properties

The ultimate tensile strength and yield strength of SLM pro-
duced as-fabricated specimens were observed higher due to
the superfine microstructure caused by rapid cooling rate in
SLM. But this higher cooling rate responsible for the defects
such as porosity, cracks, residual stresses and brittleness in
the part results in poor functional properties of AM parts.

The heat treatment method can effectively eliminate the resid-
ual stress. The output quality after heat treatment is influenced
by several factors, such as size, number and morphology of the
Si phases, initial hardening rate and recovery rate.

For the heat treated samples a remarkable increase in % elonga-
tion is observed. Not too much difference in % elongation
observed for annealing and solution heat treated samples. Sim-
ilar results were observed for hardness also. Slight improve-
ment in hardness observed after artificial ageing.

The discussions on SLM process parameters, heat treatment and
mechanical properties are presented here and need to be per-
ceived further.
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