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Abstract

The global landscape underscores the critical need for nations to develop indigenous production capabilities to fulfill both
their defense requirements and those of allied nations. This necessity is increasingly addressed not through mere augmenta-
tion of investments in armor and ballistic-resistant structures, but by executing integrative projects and establishing robust
R&D infrastructures. In this context, Selective Laser Melting (SLM) technology, a subset of additive manufacturing, presents
a significant opportunity due to its proficiency in fabricating intricate geometries. This review meticulously examines the
impact of variable process parameters on the mechanical properties of SLM-fabricated AlSil0Mg components. Utilizing
Response Surface Methodology (RSM), the study systematically analyzes data derived from literature to identify the most
optimal parameters. Furthermore, the review encompasses recent investigations into the low-speed impact and ballistic
performance of SLM AlSi10Mg alloys, providing a comprehensive understanding of their applicability in defense-related
applications. Key areas of focus include the influence of laser power, scanning speed, hatch spacing, and layer thickness on
the resultant mechanical properties, such as density, tensile strength, and fatigue resistance. The review also delves into the
post-processing techniques that enhance the performance of SLM parts, including heat treatment and surface finishing. By
integrating findings from various studies, this review article aims to elucidate the potential of SLM technology in advancing
the production of high-performance materials for defense applications, thereby contributing to the strategic autonomy of
nations in the defense sector.
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1 Introduction

In today's world, many developing countries are making sig-
nificant strides in the defense industry. Due to insufficient
technological infrastructure, these countries often rely on
importing weapons and armored vehicles, which increases
defense budgets and foreign dependency. Therefore, a prior-
ity for developing countries is to increase the production of
armored vehicles and new materials from domestic resources
to avoid economic and environmental issues. This intercon-
nected problem affects various sectors in a cyclical pattern
due to cause—effect relationships. A current example is the
Russian—Ukrainian war, which poses a threat to individuals,
society, and multiple sectors, including the defense industry,
due to its economic and purchasing impacts on global market
stakeholders. Consequently, countries aim to control defense
budgets and reduce foreign dependency. It is imperative to
create innovative policies supporting scientific studies and
technological advancements in ballistic and armor systems.
The defense industry is a priority development area in Tur-
key's Development Plans by the Strategy and Budget Presi-
dency of the Republic of Turkey.

Improving the performance of materials used in armored
vehicles is a crucial goal for the defense industry. High-
strength steels, ceramics, composites, and multi-materials
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are commonly used armor materials. R&D and investment
activities continue to focus on producing lightweight, high-
strength products domestically for sectors like the defense
industry. These new materials will enable armored vehicles
to move faster and provide more effective defense perfor-
mance (Fig. 1).

Aluminum alloys are one of the most commonly used
armor materials in armored vehicles due to their low density,
corrosion resistance, superior weldability and high specific
strength. Therefore, aluminum alloys offer a cost-effective
solution for low-cost armor production due to their out-
standing mechanical strength and ballistic properties [1-4].
However, AlSi10Mg alloy is one of the easiest alloys to
be produced by selective laser melting among aluminum
alloys, thanks to its metallurgical characteristics [5, 6].
Hence, AlSi10Mg alloy is widely used in industries, such
as automotive, aerospace, etc. [7]. For the mentioned rea-
sons, AlSi10Mg alloys were examined in most of the studies
on selective laser melting, which is the powder bed fusion
technique of additive manufacturing between 2010 and 2024
[8—11]. As can be seen from these studies, AISi10Mg alloys
stand out as an effective method in terms of selective laser
melting technology, which is a promising object produc-
tion method [12, 13]. These articles have been researched
in many countries. When we look at the distribution of stud-
ies by country in Fig. 2, it is observed that the majority of
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the studies are in the USA and China. It is thought that the
main reason for this is due to the high number of research-
ers and the amount of support given by the US and Chinese
governments to scientific studies. Moreover, the institutions
that standardize the experimental methods used in the per-
formance evaluation of the selective laser melting technique
are generally located in the USA. Under the leadership of
these institutions, it is thought that most of the obstacles
facing researchers in the USA do not exist [14]. Research-
ers in Turkey face cost challenges in their studies related to
master's and doctoral theses, which naturally causes them to
lag behind other countries. This study systematically evalu-
ates the results of optimized production parameters/strate-
gies using the Analysis of Variance (ANOVA) method. The
goal is to adopt time, cost, and material savings in various
sector applications, especially in defense and aerospace, by
selecting a fewer number of optimal production parameters/
methods. The results obtained from this compilation study
are expected to provide significant information to the litera-
ture and serve as a valuable reference for researchers and
designers in this field.

This literature study examines the sustainable, reliable
and highly effective defense approaches of AlSi10Mg armor
materials used in defense industry equipment to be produced
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from selective laser melting process parameters/strategies. In
this context, comprehensive examinations and evaluations of
AlSi10Mg parts in the literature are carried out in terms of
process variability, especially their mechanical performance,
and optimum quality [15, 16]. Most of the researchers have
thoroughly investigated the understanding of parametric
studies [17, 18], defects and remedies [19-21], metallurgical
[22-24] and mechanical performances [25-28] of AlSi10Mg
alloys produced by SLM. In particular, numerous studies
have been conducted to optimize SLM processing param-
eters to obtain high-density aluminum components [29].
These features include laser power, scanning range, scan-
ning speed, scanning strategy, and build direction, which
are primarily examined as adjustable variables. It is argued
that achieving appropriate energy levels is crucial in the
manufacturing process of fully dense components. Exces-
sive or insufficient laser input energy may cause energy to
be transferred to the material and cause errors to occur in
the desired parts. Zhichao Dong et al. [30] investigated the
importance of process parameters on the microstructure of
AlSi10Mg alloy produced by SLM was determined. The
AlSi10Mg alloy, due to its low viscosity and high thermal
conductivity, results in poor laser absorption, necessitat-
ing increased laser power. Therefore, ensuring a high laser
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power constant and a thin microstructure in SLM production
is crucial for maintaining good mechanical properties. This
alloy's low viscosity and high thermal conductivity neces-
sitate more power. Awd et al. [31] studied the mechanical
and microstructure properties of AISi10Mg alloys using the
SLM method using three scanning angles. They found that
a 90°-scanning angle resulted in 7 times higher pore density,
8% higher strength, and 30% lower fracture stress, indicating
a direct impact of scanning angle. Majeed et al. [32] studied
the impact of laser power, scanning speed, overlap ratio, and
scanning distance on surface quality in the SLM method.
They found an increase in surface roughness with increas-
ing laser power, with a negative correlation with overlap
ratio and scanning speed. The optimal process parameters
were 0.32 kW laser power, 0.6 m/s scanning speed, 35%
overlap rate, and 88.7 mm scanning distance. Li et al. [33]
produced 7 pieces of AlSi10Mg alloy using different angles
using the SLM method. The highest hardness was 154.44
HV at 45°, while the best tensile strength was 463.54 MPa
at 60°, with 283.37 MPa yield strength and 9.25% elonga-
tion. The exact influence of process design parameters on
physical and mechanical behavior and hence the suitabil-
ity of AlSi10Mg parts produced via SLM are still not fully
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understood. Therefore, determining the mechanical behav-
ior of SLM parts as well as the influence of process design
parameters is vital to predict their performance in service.
Response surface methodology (DoE), also referred to as
the Taguchi method, is a statistical technique for develop-
ing an experimental design with the goal of optimizing pro-
cess responses (e.g., toward a maximum and minimum) and
determining an approximation model between input and out-
put parameters [34, 35]. It is a compilation of mathematical
and statistical information that is helpful for modeling and
problem-solving in engineering. This technique's primary
goal is to optimize the response surface as it is impacted
by different process parameters. Consequently, the Taguchi
approach can be regarded as an effective design technique
that maximizes process performance while requiring the
fewest number of experiments. It lowers expenses associ-
ated with experimental research and streamlines the pro-
duction and testing processes, and estimates performance
variables by converting test results into S/N ratios [36-38].
This makes the variations between the test samples clear.
There are almost a few studies investigating the mechanical
behavior of process parameters used in SLM on AlSi10Mg
alloys using the Taguchi approach, including the following:
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e Readetal. [12] investigated the effect of process parameters
in the SLM technique on porosity formation in AlSil0Mg
alloy. Using a statistical experimental design, they estab-
lished a correlation between this design and the energy
density model. The findings showed that laser power, scan
speed, and the interaction between scan speed and scan
range significantly impact porosity formation. Optimum
process parameters were determined by applying a statisti-
cal approach aimed at minimizing the porosity ratio.

e Liu et al. [39] used the Taguchi approach to optimize
the processing parameters and obtain a completely dense
AlSi10Mg sample.

As can be clearly seen in the literature, separate changes
in the mechanical properties were examined along with the
changes in the values of the 4 relevant parameters. How-
ever, according to the authors' current knowledge, there is
no study to determine the most effective design parameters
by evaluating all features together from a more comprehen-
sive perspective. In addition, all evaluations in the literature
have been made on how mechanical properties are affected
by changing the values of only a single process parameter.
However, it is thought that all process parameters change
together and how this is reflected in the results is very
important in terms of optimization. In this context, we think
that there is a serious gap in the literature to determine the
most effective process parameters with main and interac-
tion effects. In order to close this gap, a statistical model
was developed using data from studies previously intro-
duced in the literature. This established model was tested
with ANOVA results. All evaluations were made based on
this model. The main general innovations in this work are:

e To introduce in full detail, SLM technology has a prom-
ising potential that will help reduce production costs
and increase production efficiency in order to meet the
demands in the defense industry,

e To summarize the results of density, tensile properties
and fatigue strength of AlSil0Mg alloy materials are
produced from different parameters in the SLM process
in a single table. In this way, it will enable the determina-
tion of the most effective parameter and give ideas about
whether there are interactions between the parameters
with ANOVA analysis,

e Optimizing the SLM process design parameters of
AlSi10Mg alloy materials for impact protection is still
an issue to be solved. As far as the authors know from
scientific studies, there is no study yet on the optimum
process parameters on the ballistic and low-speed impact
behavior of the AlSi10Mg alloy produced with the addi-
tive manufacturing-based SLM technique. For this reason,
to ensure the effects of the potential comprehensive ballis-
tics, literature studies carried out so far are easily noticed.

2 Selective laser melting (SLM)

Selective laser melting (SLM) is a direct AM technology
with a controlled melting of metal powder, which is used to
produce almost completely dense parts with high complex-
ity [40, 41]. The SLM production process comprises sev-
eral stages, starting with the compilation of CAD data and
concluding with the removal of the finished goods from the
construction platform [42]. In the process of manufacturing
design items, stereolithography (STL) files are generated
using specific software. These files are used to produce sup-
port structures and load CAD data into the SLM device.
Additionally, the software is used to slice the model into
layers (Slics) and establish the path for laser scanning. The
production process commences with the deposition of a fine
layer of metal particles onto the platform within the con-
struction zone [43]. Following the application of the powder,
a laser with high energy density is employed to heat and
merge specific regions based on processed data. Upon com-
pletion of the laser scan, the building platform descends, a
layer of powder is deposited on it, and the laser proceeds to
scan a fresh layer. This procedure is repeated for consecutive
layers of powder until the final model product is fully con-
structed (video accessed February 2, 2024, at 3D Printing
Technologies: Selective Laser Melting (SLM) (https://www.
youtube.com) [44, 45].

The main advantages of the SLM method References

Design flexibility o When designing, instead [46—48]
of creating a large
number of simple parts, a
smaller amount of design
products can be obtained,
thus speeding up reverse
engineering work

o The lightness, material
savings and esthetic
appearance of the materi-
als produced meet the
expectations in terms of
engineering

e This method facilitates [49]
the production of com-
plex geometries in the
desired form, and as the
sample to be produced
geometrically becomes
smaller, production
becomes easier

o [t was a method that
added privilege in the
increasingly accelerat-
ing product development
and rapid production of
different designs

Cost of geometric com-
plexity
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The main advantages of the SLM method References The main advantages of the SLM method References

Dimensional accuracy e It is possible to produce  [50, 51] Time and cost efficiency in e Thanks to its practical- [53, 54]

Need for assemblage

parts with a complex
lattice structure with

high accuracy and a very

small margin of error

e Products produced with
this method enable a
wide variety of products
in the fields of medicine,
automotive, aerospace
and defense industries
and provide services in
these fields

o It directly enables the
production of parts,
which allows you to
avoid some costs such as
maintenance expenses,
the use of assembly ele-
ments, and extra labor

o In complex geometries
that are desired to be
produced, producing
this part as a whole,
instead of assembling
it with more than one
piece inside, makes that
part more efficient in
heat transfer and energy
applications

[52]

production run ity, this method enables
the creation of a highly
functional, lightweight
product with mechanical
properties suitable for the
design, with maximum
design geometry

o It can be used in the

production of systems,
mechanisms or elements
designed in engineering
and R&D activities

The fiber lasers are used in SLM systems and they work
with a continuous laser pulse where the laser has almost no
fluctuation over time. The laser beam coming out of the laser
source is directed by galvano mirrors and interacts with the
planned scanning speed on the production platform where
the powder is laid. In the SLM system, the heat input pro-
vided by the laser radiation is absorbed by the powder, and
unlike the selective laser sintering method, complete melting
is achieved and a bond with the previous layer is ensured.
After the part of the work piece is created, the part is pro-
duced by combining it with the previous layer and continu-
ing this repetition until the whole part is created (see Fig. 3).
Surface roughness is in the range of 5-15 um (pm) and layer
thickness is in the range of 10—100 pm. In the SLM produc-
tion method, metal materials, such as cobalt-chrome, stain-
less steel, aluminum and titanium alloys, can be produced. A
fiber laser with a power of 100—400 Watt (W) is used during

(1) Laser source

@ Laser beam transfer
: @ Collimator

(+) Beam expander
@ Scanning mirror
@ F- theta lens

| (7) Laser beam

Powder bed

i (9) Laser beam

Fig. 3 Operation scheme of SLM technologies [59]

Y
Powder supply chamber
@ Master controller
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the melting process [55, 56]. With the help of laser beam, the
molten parts become solid in that layer and the production
platform is lowered to create the next layer. After the layer is
lowered, the powder laying process and melting process with
the help of laser beam are repeated and these processes are
repeated until the desired geometry is obtained. Processes
are carried out under different protective gas atmospheres
depending on the metal materials used. As an example of
these environments, if production is made from stainless
steel powder, nitrogen gas is used as a protective gas. If alu-
minum and its alloy powders are used, argon gas is used as
a protective gas. There are two main reasons why production
is carried out with protective gas. The first is that it causes
oxidation depending on the metallic material used during
production or because the temperature is too high as an oper-
ating parameter. The second reason is that the laser beam is
not deflected in the environment during production [57, 58].

2.1 SLM process parameters

In the SLM method, production is affected by more than
one variable. It is possible to examine these variables in
two groups. First, the parameters related to the laser beam,
and second, the scanning paths and the desired geometry.
Parameters related to laser; speed of the laser, diameter
at which the laser focuses, power of the laser. parameters
related to another variable, geometry, are; parameters,
such as the direction to be built, scanning distance, desired
layer thickness [60-63]. Figure 4 outlines the factors influ-
encing the product's chemical, morphological, and micro-
structural properties change. It is of great importance to
optimize these production parameters in order to provide

Selective laser melting (SLM)

e

*Wetting *Apparent density
properties +Particle
*Surface tension morphology
«Surface tension *Oxidation state at
gradient Surface
*Viscosity +Particle size
+Chemical stability distribution
«Laser absorptivity
*Thermal

properties:

conductivity,

specific heat,..

Fig.4 Parameters affecting of SLM technologies

the features expected from AlSil0Mg parts. All these
variables have a direct impact on the mechanical and sur-
face properties of the parts produced [64—66]. Hence, the
energy required to be given to the material in powder form
for production is calculated depending on these variables
as given in Eq. 1. Here, p, indicates the energy that must
be given per unit volume and is in the unit of J/mm?>. Laser
power is expressed as Lp in Watts, e, is the scanning speed
in mm/s, h, is the side shift amount in mm and J, is the
layer thickness in mm [67].

LP
B evhdlt (1)

Pe
Here:

Lp- Laser power (W),
e,-Scan speed (mm/sec),
h,-Hatch space (¢ m),
I-Layer thickness (¢ m).

It is necessary to evaluate the process parameters in previ-
ous literature studies conducted with a broader perspective
and correlate the results obtained from the relevant evalu-
ations. We present the review table and the corresponding
values in which the relationships of density, tensile proper-
ties, average surface roughness and hardness are presented
based on experimental study (Table 1). Most of the ongoing
research in this way provides an overview of experimental
studies by deriving the values of many parameters based on
intuition without changing the material. Therefore, based
on the Taguchi experimental design, we determine the most

*Laser:
wavelength,
power, beam

diameter, mode, ..

*Scan speed
*Scan spacing
&strategy
Layer thickness
*Preheating
temperature
*Atmosphere
(composition)
*Gas flow
*Building
orientation
*Bed temperature

Laser Power
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Table 1 Literature review of published SLM process parameters on untreated AlSil0Mg alloys

Author/ Year [Refs.] Laser power (W) Scan speed Hatch Layer thick-  Relative Tensile proper- Fatigue

(mm/s) space (um) ness (U m) Density (%) ties, UTS (MPa) properties,
(MPa)

Hyer et al 2020 [60] 250 1600 130 30 \/ 99.1

Hirata et al 2020 [68] 300 1200 150 30 \/99.96

Mfusi et al 150 1000 50 50 \/99.96

2018 [69]

Kempen et al. 2011 [70] 200 1200 105 30 \/99,10

Brandl et al 2012 [27] 250 500 150 50 \/99,0

Read et al 2015 [6] 175 1035 150 30 \/99.0

Aboulkhair et al. 2014 [17] 100 500 50 40 \/99.77

Yap et al 2016 [71] 350 1140 170 50 \/99.8

Raus et al 2017 [72] 350 1600 130 30 \/99413

Zhang et al 2021 [73] 320 900 80 30 \/99_86

Gouveia et al. 2020 [74] 95 650 - 15 \/98,13

Liu et al 2019 [75] 200 - 80 25 \/99,3

Yu et al 2018 [76] 350 1150 170 50 \/98.72

Balbaa et al 2021 [77] 335 1050 150 - \/99

Lv et al 2019 [78] 3200 12 150 50 \/292

Wei et al 2017 [10] 180 1400 - 40 \/360

Yang et al 2020 [79] 240 1600 45 - \/475,18

Chen et al 2018 [80] 1900 8 - - \/162

Wang et al 2019 [81] 910 13.3 - - \/355

Wang et al 2018 [82] 400 - 130 - \/388

Yan et al 2020 [83] 300 1200 140 30 \/445_34

Larrosa et al 2018 [84] 175 1025 97.5 30 \/400

Read et al 2015 [12] 175 1025 - - \/339

Dong et al 2019 [85] 370 1500 150 30 \/360,7

Wang et al 2019 [86] 400 500 150 30 \/385

Ch et al 2019 [87] 370 1300 190 30 \/385

Tradowsky et al. 2016 [88] 175 1025 97.5 30 \/370

Uzan et al 2018 [26] 400 1000 200 30 \/ 358

Girelli et al 2019 [89] 370 1300 190 30 \/452

Chen et al 2017 [90] 350 1170 240 50 \/455

Lietal 2016 [91] 350 1140 170 50 \/434

Wang et al 2018 [92] 400 1000 175 25 \/358

Buchbinder et al. 2015 [93] 960 1000 200 50 \/435

Suryawanshi et al. 2016 [94] 400 1000 175 25 \/ 330

Tridello et al. 2019 [95] 350 1150 170 50 \/65

Zhang et al 2018 [96] 490 2000 100 40 \/ 90

Gerov et al 2019 [97] 274 850 50 30 \/100

Damon et al 2018 [98] 400 - 130 50 \/77

Bagherifard et al. 2018 [99] 350 1150 170 50 \/62

Lesperance et al. 2020 [100] 370 1250 100 100 \/90

Ch et al 2020 [101] 370 1300 190 30 \/52

Nadot et al 2020 [102] 350 930 170 50 \/80

Sajada et al 2021 [103] 420 1300 210 60 \/50

Wu et al 2021 [104] 400 1200 160 50 \/ 54

@ Springer
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Table 1 (continued)

Author/ Year [Refs.] Laser power (W) Scan speed Hatch Layer thick-  Relative Tensile proper- Fatigue
(mm/s) space (u m) ness (U m) Density (%) ties, UTS (MPa) properties,

(MPa)

Nasab et al 2019 [105] 340 1300 200 30 \/62

Aboulkhair et al. 2016 [106] 200 570 80 25 \/63

Uzan et al 2017 [107] 400 1000 200 30 \/ 62

effective design parameters by evaluating all the effects of
parameters, such as laser power, scanning speed, side shift
and layer thickness, together and develop a model for future
studies. In this respect, an important contribution has been
made to the existing literature.

2.1.1 Laser power

The employed lasers have a continuous and pulsed opera-
tion. It takes longer for continuous laser systems to reach
the threshold energy required for melting or sintering than
for pulsed systems because the majority of the energy trans-
ferred in continuous laser pulses is exposed to a heat flow
from the beam region interacting with the laser to the mate-
rial. The laser beam in pulsed laser systems acts in nano-
seconds, reaching very high strengths. The heat movement
from the part of the material in contact with the laser beam
to the surrounding material is fairly limited because of the
short contact period. As a result, it is possible to supply the
threshold energy needed for melting or sintering in a lot less
time [108].

The powder pool can be melted and the internal structural
void concentration of the finished product can be reduced
with the right side shift and scanning speed values of the
fully melted structures using a powerful enough laser. More
laser power is used to achieve melting, but this time, due to
the melt pool's evaporation, the vapor phase does not have
enough time to escape, potentially creating a keyhole effect
in the melt pools [109]. As a result of this error, the density
drops and the mechanical properties deteriorate. Reduced
energy input from high feed speeds and insufficient laser
power can be seen as an increase in surface roughness. The
lower layers also do not receive enough energy flow, and the
powder layer melts inside itself to produce a spherical effect
from increased surface tension [110].

2.1.2 Scanning speed

The scanning speed, which indicates the speed of the laser
beam on the powder layer, is represented in mm/s. While it is
intended to raise the scanning speed in order to increase the
production rate, the dimensional parameters of the resulting

melt pool alter as the applied energy intensity lowers with
higher scanning speeds. The adhesion between the layers
and laser traces, which is particularly effective in mechani-
cal characteristics, cannot be effectively given due to the
dimensional deficiencies of the differentiated melt pool and
the insufficient integrity between the layers and laser traces.
In procedures where low scanning speeds are used, insuf-
ficient melting because insufficient laser power is supplied,
increasing the number of voids, or evaporation with high
laser power and low scanning speeds. Furthermore, spheri-
calization difficulty spreading powder for systems producing
in the powder pool, and prevention of homogenous powder
distribution may arise from the high scanning speed and
high laser power utilized [111]. The linear energy density
expression found in Eq. 1 has been derived by taking into
account only the laser scanning speed and laser power in
energy transfer. However, because the layer thickness and
overlap distance are not included in this expression, the lin-
ear energy density is unable to fully express the threshold
energy value required for melting. Because of the accelerat-
ing laser speed and erratic power transmission in production
platforms, part quality is compromised [112].

2.1.3 Hatch space and layer thickness

For every scan track that the laser beam contacts, different
linear trajectories are followed. By producing semi-melting
in these various orbits, the laser guarantees the coalescence
of the entire layer. All of the solid portions of the model in
this layer are changed from the melt-semi-molten state to
the solid state by applying a side shift amount between the
generated laser traces. The distance between the centers of
the melt pools of two successive laser traces is known as the
hatch spacing (h,), and it represents the lateral shifting that
the laser makes. "Contour scanning" is the process of using
a laser to scan the geometric boundaries when creating the
geometry section [113]. You can make this shape more than
once by varying the laser power or repeating the laser many
times. The overlapping amounts of interior scans using con-
tour scanning can be managed by making the planned over-
lapping values laterally and in the direction of laser advance-
ment. With the power and advance value adjusted, the laser

@ Springer
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Table2 ANOVA for cubic

. Source Sum of Squares ~ df =~ Mean Square ~ Fvalue  p value
model on density response

Model 538.05 11 48.91 25.01 <0.0001  Significant
Power (A) 6.19 1 6.19 3.18 0.1125
Scan speed (B) 180.08 1 180.08 92.41 <0.0001
Hatch space (C) 0.3259 1 0.3259 0.167 0.6933
Layer thickness (D) 22.58 1 22.58 11.59 0.0093
A? 1.15 1 1.15 0.589 0.46
B? 11.85 1 11.85 6.08 0.0390
C? 0.8914 1 0.8914 0.457 0.5179
D? 0.5774 1 0.5774 0.296 0.6011
A3 0.324 1 0.324 0.166 0.6941
B? 76.14 1 0.3240 0.166 0.0002
c? 0.8035 1 0.8035 0.412 0.5387
Residual 15.59 8 1.95
Lack of fit 14.85 6 247 6.69 0.1358  Not significant
Cor Total 547.68 20
R%?=0,9718 Adj R?=0.9331

1

Density (%)

(b)
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Hatch space (um)
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Scan speed (mm/s)
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Layer thickness (um)

1540 2480 3420 4360 S0 6240 7180

Scan speed (mm/s)

Density (%)

Fig.5 Contour and 3D surface curves presenting for density power-scan speed b hatch space-scan speed and c layer thickness-scan speed

beam forms a melt pool distinct from the focal diameter
when it comes in contact with the powder material [114].
The size of the melt pool that forms depends on the
parameters of the scanning speed and laser power. The
amount of lateral shift permits the overlap of two neighbor-
ing laser traces and, by maintaining interlayer integrity, the

@ Springer

creation of parts with high density and strength [115]. By
providing a beam offset value inward from the component
boundaries, it is possible to manage the dimensional toler-
ance of the design and production geometries due to the
melt pool that forms. Several speeds and laser power levels
can be chosen for contouring and scanning tasks in SLM
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Table 3 ANO,VA for linéar Source Sum of Squares df Mean Square ~ Fvalue  p value
model on tensile properties
response Model 20,492,60 4 5123,15 4,11 0,0363 Significant
Power (A) 17,009,31 1 17,009,31 13,66 0,0049
Scan speed (B) 279,63 1 279,63 0,2246  0,5865
Hatch space (C) 46,50 1 46,50 0,0373 0,8511
Layer thickness (D) 8530,24 1 8530,24 6,92 0,0262
Residual 11,205,40 9 1245,04
Lack of fit 8118,90 6 1334,41 1,30 0,4490 Not significant
Cor Total 31,698.00 13
R%?=0.99 AdjR*=0.98

production. Furthermore, re-laser contact in defective loca-
tions where complete melting has not occurred can improve
mechanical characteristics, reduce residual stresses, improve
ballistic properties, and improve surface quality of the parts
to be manufactured [116].

3 Results and discussion

In this research, we tested statistically the most effective
parameters of AlSilOMg alloys during production by selec-
tive laser melting method. ANOVA and fit statistics results
were obtained for the statistical evaluation of density, tensile
property and fatigue strength affected by each input parameter
affecting the SLM technique presented in Table 1. Thus, both
the estimated R? value and the adjusted R? values confirmed
the fit statistics. However, the sources of mathematical mod-
els recommended for better performance of ANOVA results

Tensile properties
(MPa)

were evaluated. Therefore, the incompatibility of different
combination data has been associated with the fit quality
of the proposed linear, 2FI and cubic sources in order to be
meaningfully derived. Design expert software program was
used for this statistical evaluation. The interpretation of the
input parameters in the production of AlISilOMg alloys with
SLM was determined by taking into account the P value to be
less than 0.05. Additionally, Fisher’s values were calculated
for each process parameter. Studies in the literature on the F
value in question generally state that if F>4, quality results
are obtained. Thus, we have presented an easy-to-understand
ANOVA analysis based on contour and 3D surface curves.

3.1 Analysis of variance on density
The mathematical model of the response surface for den-

sity of laser power (A), scan speed (B), hatch space (C)
and layer thickness (D) can be expressed as:

B @
< o
2 £ 300
[) Q ~
c o ®
< s
2 =
= i 200
[
g P
-

100

50
3200
¢ 40
Ve, 1990
1385 1990 (}5/ 35
(Q/}) o'f'l)
Power (W) /BSOS Power (W)
Fig.6 Contour and 3D surface curves presenting for tensile properties a—b power-layer thickness
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Table4 ANOVA for 2FI model

. . Source Sum of Squares df Mean Square ~ Fvalue  p value
on fatigue properties response
Model 3089,44 10 308,94 126,95 0.0078 Significant
Power (A) 261,44 1 261,44 107,43 0.0092
Scan speed (B) 128,55 1 128,55 52,82 0.0184
Hatch space (C) 79,49 1 79,49 32,66 0.0293
Layer thickness (D) 54,02 1 54,02 22,20 0.0422
AB 76,78 1 76,78 31,55 0.0303
AC 111,67 1 111,67 45,89 0.0211
AD 16,23 1 16,23 6,67 0.1229
BC 32,57 1 32,57 13,38 0.0673
BD 29,48 1 29,48 12,11 0.0193
CD 122,44 1 122,44 50,31 0.0193
Residual 4,87 2 2,43
Lack of fit 0,3673 1 0,3673 0,0816 0.8228 Not significant

Cor Total 3094,31 12
R2=0.9984 Adj R?=0.9906

Density = 80,89 + 3,904 — 28,638 — 0,90C — 3,19D + AB + AC + AD
+BC + BD + CD — 7,87A% + 4,058% — 7,54C* - 0,91D?
+ABC + ABD + ACD + BCD + A*B + A’D + AB?
+AC* + AD* + B*C + B*D + BC* + BD* + C*D
+ CD* + 4,054 + 19,288 + 6,69C° + D*

(@)

The best performance was obtained from a cubic model
to tune the parameters of the SLM technique combina-
tion of literature studies on AlSi10Mg alloy. As shown in
Table 2, scanning speed and layer thickness significantly
impact density. According to ANOVA, scanning speed
has a very serious interaction, but there are no optimum
iterations of the parameters. Therefore, scanning speed
directly impacts producing samples of A1Sil0Mg alloys
with maximum density. Additionally, the P value in the
square term of the layer thickness in the cubic model tends
to be greater than 0.05, indicating non-significant terms
of the model. Thus, layer thickness does not significantly
affect the model's accuracy.

The contour and 3D surface images of the scanning
speed in Fig. 5a, b, and c are associated with laser power,
hatch space and layer thickness, respectively. The maxi-
mum response surface model prediction values of the den-
sity appear by decreasing the scan speed and increasing
the laser power and hatch space, and similarly maximum
values can be found at the lowest value of the layer thick-
ness. The maximum values of the optimization functions
affecting the density are indicated by the red color visual

@ Springer

in the contour graph. The estimated optimal parameter sets
correspond to values above 90% of the intensity when the
scanning speed is 3420 mm/s, 230 W laser power, 110 pm
hatch space and 40 pm layer thickness. This suggests that
higher scanning speeds should be avoided during SLM.

3.2 Analysis of variance on tensile properties

The mathematical model of the response surface for tensile
properties of laser power (A), scan speed (B), hatch space
(C) and layer thickness (D) can be expressed as:

Tensile strength = 329,56 — 85,04A + 16,36B + 2,74C + 41,75D.
3)

Consider Table 3, which shows the p values of the sta-
tistics of the process parameters on the tensile properties
according to ANOVA. For tensile properties, the vari-
ability of the analyzed data was corrected with the linear
model result of the model and its significance was tested.
It can be concluded that both laser power and layer thick-
ness have the greatest impact on the tensile properties of
AlSi10Mg alloy samples produced in the SLM process.
From the results for tensile properties, we can find that the
p value of the laser power is 0.0049 and the layer thick-
ness has this value with a p value of 0.0262. It shows that
the scanning speed and the degree of compliance of the
hatch space do not help the production of AlSi10Mg alloy
by SLM within the range of the parameter data examined.
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Fig. 7 Contour and 3D surface curves presenting for fatigue strength a scan speed-power and b hatch space-power

Contour graphics and 3D surface images obtained for
the laser power and layer thickness affecting the tensile
properties are given in Fig. 6. The mathematical model of
the response surface for tensile properties of laser power,
scan speed, hatch space, and layer thickness indicates
that the values of tensile properties reach their maximum
by decreasing laser power and increasing layer thick-
ness. The effect of laser power on absorption properties
is more evident at high layer thickness, and the effect of
layer thickness is more evident at low laser power. Accord-
ing to ANOVA analysis, 480 W laser power and 45 pm
layer thickness have the most optimum effect on tensile
properties.

3.3 Analysis of variance on fatigue strength

The mathematical model of the response surface for fatigue
strength of laser power (A), scan speed (B), hatch space (C)
and layer thickness (D) can be expressed as:

Fatigue strength = — 3,18 + 72,14A — 81,55B + 126,88C — 23,47D
+ 94,49AB — 215,96AC — 92,71AD @

+124,78BC + 113,16 4+ 87,37CD

ANOVA results on fatigue strength are given in detail in
Table 4. The goodness of fit of the literature statistical data of
AlSi10Mg alloys produced with different parameters using the
SLM technique shows that the 2FI model is the most suitable.
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It can be concluded that the effect of this 2FI model is laser
power, scanning speed, hatch space and layer thickness. This
situation was not seen in our other ANOVA analyses. Thus, it
is proven that there are statistically significant interactions of
parameters between the factors. This is because the examined
factors had low p values. Laser power is the parameter with
the highest impact on fatigue strength. Therefore, it would be
much more useful to evaluate the results regarding the inter-
actions between parameters in terms of laser power. Accord-
ing to ANOVA analyses, scan speed-power, and hatch space-
power effects of SLM technique are effective on the fatigue
strength of AlSi10Mg alloy. However, the p value of the layer
thickness—power interaction is 0.1229, which shows that non-
significant results cannot be drawn regarding the 2FI model.
The contour curve and 3D surface response model graph
in Fig. 7 depict the relationship between scan speed—power
and hatch space—power interactions and their affecting on
the fatigue strength of AlSi10Mg alloys produced using the
Selective Laser Melting (SLM) process. From the graph, it is
observed that fatigue strength tends to increase at the lowest
values of laser power and scanning speed as well as at the
lowest values of laser power and highest values of hatch space.
This suggests that a combination of low laser power and either
low scanning speed or high hatch space can lead to higher
fatigue strength in the alloy. Based on the response surface
model, the optimal parameter values for achieving maximum
fatigue strength were determined to be a laser power of 200

W, scanning speed of 713 mm/s, and hatch space of 210 pm.
This scientific analysis indicates that specific combinations of
laser power, scanning speed, and hatch space can significantly
influence the fatigue strength of AlSil0OMg alloys produced by
the SLM process.

4 Defense industry applications of SLM
technique

4.1 Overview

SLM technology is causing a very interesting revolution
in the field of defense industry. Using the SLM method,
external dependency at the system, subsystem and com-
ponent level can be reduced when developing products
for the defense industry application field [117]. Parts pro-
duced from the inventories of tanks, armor and air defense
systems, such as unmanned aerial vehicles, with which
the defense industry is associated, will strengthen the
ecosystem in every application and ensure its sustainabil-
ity. Figure 8 shows the impact of additive manufacturing
on the application area of the defense industry [118]. In
this context, we have stated which questions should be
answered by taking into account the scientific studies car-
ried out and planned to be carried out on the SLM base
of the defense industry. Accordingly, when we examine

Military Training and Simulation Tools

Military Vehicle Components

« By using AM, military vehicle critical
parts can be produced at a lower cost
and with less downtime than traditional
production.

Body Armor and Protective Gear
+ Custom-designed body armor and
protective gear can be produced by AM,
providing improved protection and a
better fit.

AM enables the creation of efficient and lightweight
energy storage and power systems, optimizing
mission duration.

+  UAV performance and maneuverability can be
enhanced by the manufacturing of intricate,
lightweight components through the use of AM.

Fig.8 New developments in defense industry
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« The creation of robust, lightweight parts for
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military forces can become less reliant on
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Fig.9 Ballistic impact on 3 mm a blunt bullet of 225 m/s and b hemispherical bullet of 325 m/s [129]

the general results of 82 searches made in the last 5 years
in the additive manufacturing search algorithm of armor
and ballistic materials, we encounter 134 results. Differ-
ent words and phrases searched in literature: (“Selective
laser melting” and “armor”) (“Additive manufacturing”
and “ballistic”) or (“Additive manufacturing” and “shock
loading”) or (“Selective laser melting” and “ballistic”).

Reports of some studies that investigate defense indus-
try application areas with the SLM process:

e Facchini et al. [119] studied the mechanical proper-
ties of Ti6Al4V alloy produced through SLM variants.
They found martensitic microstructure, with cracks
due to incomplete homologous wetting and residual
stresses. Additive manufactured parts have higher
tensile strength but lower ductility. Post-building
heat treatment transforms metastable martensite into
a biphasic a—b matrix, increasing ductility but reduc-
ing strength values. The study shows that a fully dense
material can be obtained and martensite transformation
can occur through SLM variations, improving ductility.

e Baufeld [120] studied Inconel 718 parts using shaped
metal deposition (SLM), an additive layer manufactur-
ing technique that produces dense, "near net-shaped"
parts without pores, cracks, or fissures. The microstruc-
ture of SLM parts features large, columnar grains with
a fine dendritic microstructure. Tensile tests showed no
dependency on strength or strain at failure.

e Lui et al. [121] investigated the impact of microstruc-
tural factors on the ballistic velocity limit (V) of
Ti6Al4V plates. The plates were created through laser
powder bed fusion and direct laser metal deposition and
then subjected to pre-heating or post-heating treatment.

Results show that plates with martensite decomposition
had higher V5, while post-heating increased V5, due to
a-lath coarsening and stress relief.

e Szachogluchowicz et al. [122] analyzed SLM M300
maraging steel behavior in ballistic testing, structural
analysis, and tensile testing. Results show that annealing
and aging increase ballistic properties by 87%, but increase
brittleness, leading to increased perforated plate fragmen-
tation. A detailed fracture analysis was conducted.

e Costas et al. [123] tested the ballistic performance of
PBF-LB maraging steel monolithic plates and profile
panels, finding the thickest heat-treated plate promising
for protection. However, the material's brittleness caused
fragmentation in some cases.

4.2 Material considerations

The defense industry plays a crucial role in global politics
and economics, and as such, it is essential for it to continu-
ously improve, innovate, and modernize in line with techno-
logical advancements. The global market for personal guard
systems is expected to reach $15 billion by 2027, driven by
rising threat levels and the need for innovative armor sys-
tems. This has led to a focus on high performance, mobility,
and reduced weight armor systems [124].

The advancements in armor systems not only enhance the
safety and protection of individuals but also contribute to the
overall effectiveness of defense strategies. The demand for
personal guard systems is being driven by the growing need
for security in various sectors, including law enforcement,
private security firms, and military operations. However, it is
important to note that investing in armor systems may divert
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Fig. 10 The shooting images of 5 mm thick PBF-LB AlSi10Mg plates [130]

resources away from other critical defense technologies and
strategies, potentially compromising overall effectiveness in
the long run [125]. Additionally, the demand for personal
guard systems may be limited to certain sectors and may not
justify the significant investment required for their develop-
ment and implementation. Therefore, while there are clear
benefits to advancing armor systems, careful consideration
must be given to the allocation of resources in the defense
industry. Furthermore, the development of personal guard sys-
tems should also take into account the potential ethical and
humanitarian implications. While enhancing security and pro-
tection is important, it is crucial to ensure that the deployment
of such systems does not lead to an escalation of conflicts or

@ Springer

human rights abuses. Moreover, the rapid pace of technologi-
cal advancements in armor systems also raises concerns about
the potential for misuse or unintended consequences [126].
In conclusion, while the development of novel armor sys-
tems is crucial for addressing evolving security challenges,
it is important for the defense industry to carefully balance
investments in these systems with other critical defense tech-
nologies and strategies [127]. Additionally, ethical considera-
tions and potential unintended consequences should be metic-
ulously taken into account in the development and deployment
of personal guard systems. By doing this, the defense industry
can effectively meet the growing demand for security while
also upholding ethical and strategic considerations (Fig. 9).
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4.2.1 Low velocity and ballistic performance on SLM
AlSi10Mg materials

How the armor parts to be produced from AlSi10Mg alloy
by SLM technique affects the optimum production param-
eter and low speed and ballistic impact performance is still
a subject that needs to be investigated. In this regard, this
compilation study was determined by taking into considera-
tion that such a study had not been conducted when the lit-
erature in which the authors presented their opinions on the
subject was systematically examined. Presently, the authors
are working to address these issues.

Armor parts produced with SLM have only recently begun
to be used in the field of ballistic protection, and it seems that
the subject is gaining increasing importance. To this aim,
Hao Xue et al. [128] stated in their studies that the use of
SLM materials has a great potential in the field of ballistic
penetration. They emphasized additional research into the
performance of laser scanning, printing settings, and aniso-
tropic simulation models to improve the applications of these
materials in ballistics. Nirmal et al. [129] conducted a study
on the impact behavior of additively manufactured AISilOMg
alloy and the ballistic limit of projectiles using FEM simula-
tions. Tensile tests, dynamic tests, and elevated temperature
tensile tests were conducted on smooth and notched speci-
mens. The study found that hemispherical projectiles had
higher ballistic limits and impact velocity (Fig. 10).

Martin Kristoffersen et al. in a study conducted by [130],
the ballistic behavior of powder bed fusion PBF-LB plates and
conventional cast aluminum plates, was compared and showed
that there was an almost negligible difference (the results were
very close) between these two plates. In this study, A1Si10Mg
metal plates with dimensions of 100 mm X 80 mm X5 mm
were produced in a PBF machine. Metallurgical studies exam-
ined the microstructure of the final alloy and determined the
puncture resistance of PBF-LB plates within a ballistic range.
High-speed camera images were used to measure the initial
and residual velocities of different bullets. The results showed
that a PBF-LB material can have similar or even better bal-
listic properties than conventionally produced materials with
the same chemical composition. For this reason, it is expected
to be an effective method on the ballistic resistance perfor-
mance of AlSil0Mg parts produced by selective laser melting,
which has been optimized by taking into account the cost in
the compilation study.

5 Conclusions

Selective Laser Melting (SLM) technology has the poten-
tial to assist in producing inventories used in the defense
industry. This paper focuses on the scientific research
of AlISi10Mg alloys with SLM technology, presenting

a method to optimize their mechanical properties using
experimental designs of various process parameters. The
study highlights the impact of changes in laser power,
scanning speed, hatch space, and layer thickness on opti-
mization results. Key findings include:

e Scanning speed directly impacts the density of
AlSi10Mg alloy samples. Optimal parameter sets cor-
respond to values above 90% intensity with a scanning
speed of 3420 mm/s, 230 W laser power, 110 pm hatch
space, and 40 pm layer thickness, suggesting higher
scanning speeds should be avoided during SLM.

e DOE approach optimization indicates that 480 W laser
power and 45 um layer thickness have the most optimal
effect on tensile properties. Maximum tensile proper-
ties are achieved by decreasing laser power and increas-
ing layer thickness.

e A regression model for fatigue strength was developed
using an RSM-based 2FI model. Optimal parameter val-
ues for maximum fatigue strength were determined to
be 200 W laser power, 713 mm/s scanning speed, and
210 pm hatch space.

SLM technology offers current research and develop-
ment opportunities in ballistic applications, such as low-
speed impact tests. This research can help determine the
interactive effects of process parameters on density, tensile
properties, and fatigue strength through experimental design
based on response surface methodology. No research has yet
been conducted on the effects of process parameters on the
ballistic behavior of AlSil0Mg alloy materials produced via
this process. The authors are currently working to improve
understanding and optimization of these issues to determine
the appropriate manufacturing protocol.
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