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ARTICLE INFO ABSTRACT

This research investigates wear characteristics of an AlFeSitoMg alloy produced
through selective laser melting (SLM), while introducing a layer-by-layer
additive process simulation to streamline the SLM printing process, thereby
saving time, cost, and material. AM simulation results demonstrate reduced
displacement and temperature during SLM printing. The study emphasizes the
critical role of build orientation in determining the quality and performance of
AM parts. Employing an L16 orthogonal array of Taguchi design experiments, a
model is developed for wear characterization. Optimal process parameters are
identified for achieving low wear rate, high density, and high hardness. At the
optimal condition (T5), wear measurements include a depth of 94 micrometers,
a length change of 0.06%, a volume of 1.25 mma3, a velocity of 1674.46 mm/s, a
wear rate of 4.97x10-8 mmz2/N, a coefficient of 0.04 mmz2/N, and a frictional
force of 14.1 N. Laser energy density is computed as 150 J/mm3 based on the
achieved optimal parameters.

Keywords: Laser Powder Bed Fusion (LPBF), Selective Laser Melting (SLM),
AlFeSi1oMg alloy, Wear Characterization, Microstructure, Hardness, Density.

INTRODUCTION

Selective laser melting (SLM) is a technique that may be used to make components layer by layer out of metal
powder. On a simple chamber plate, the component is manufactured using Selective Laser Melting (SLM).
Each layer is formed by sweeping the laser's intensity along the XY axis. To facilitate the deposit of the next
layer of powder, the piston is lowered after each layer is scanned. The iterative approach is performed until
the component is completed. During peak and off-peak hours, the SLM process takes longer. The primary
objective during peak hours is to liquefy the powder layer; the addition of powder and the reduction of
substrate require time. Surface laser melting commonly utilises a pulverised aluminium alloy with unique
properties such as low viscosity, light weight, and exceptional heat conductivity. On the other hand, alloys
that are prone to oxidation, like AlFeSit0Mg, can encourage the development of cavities during the selective
laser melting (SLM) process. Consequently, one of the biggest challenges in SLM additive manufacturing
(AM) is minimizing porosity. Numerous investigations have been carried out to examine the connection
between porosity levels and process factors. These factors consist of hatching distance, scan speed, and laser
power. The primary objectives of this study are to comprehend the processes behind pore development
during the SLM process and identify strategies for their elimination via process parameter optimization. The
density of the components in the SLM process is determined by a number of important design
considerations. These variables include the laser's strength, the pace at which the scan is carried out, the
thickness of each layer, and the separation between each hatch. Different scanning parameters, laser power
levels, and hatching spacings have all been tested by researchers in an effort to minimize porosity and
maximize processed component density. Maximizing process development requires a thorough grasp of the
production process at every level as well as a rigorous evaluation of several factors. It is important to
comprehend the temperature distribution during Selective Laser Melting (SLM) as it has a substantial impact
on the final product's density, dimensions, mechanical attributes, and microstructure. Variations in
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temperature have the ability to induce residual strain and deformation, which might lead to fractures in the
components that are created.

In SLM, thermal deformation is a major worry. It emphasizes how crucial it is to understand process
mechanics and parameters in order to enhance SLM. This work aims to examine the effects of porosity and
construction orientation on the wear properties of AlFeSiitoMg components produced by selective laser
melting (SLM). Through horizontal positioning trials, the study also looks at the expected relationship
between wear and flaws, highlighting the effect of a building's alignment on its resistance to wear.

2. Materials and Method

2.1. Specifications of the sample and AlFeSi1toMg alloy powder

AlFeSi1oMg alloy powder provider SLM Solutions Ltd. is identified in Table 1. This powder is primarily
utilised in selective laser melting (SLM) processes, which are common in additive manufacturing. Particle
size distribution of the powder ranges from 20 to 63 micrometres (um), ensuring optimal SLM process
efficiency. The size range is important because it directly affects the flowability and packing density of the
powder, two important characteristics that define the quality of the final printed component. The mechanical
characteristics of the printed material are mostly determined by the density of the AlFeSiioMg powder (2.67
g/cm3). The morphology of the samples produced with this powder is I-Section. The rationale for selecting
these particular dimensions is to facilitate reliable and consistent mechanical testing. AlSitoMg alloy
components with an I-section form may be selectively laser melted (SLM) to improve heat dissipation,
decrease weight, strengthen structural integrity, and simplify manufacturing, among other advantages.
During SLM printing, the AlFeSitoMg powder is uniformly spread into thin layers. Using a high-energy laser
and cross-sectional data generated from a 3D model of the product, the powder material is precisely melted.
The ideal range for the particle size distribution to provide consistent layer thickness and dependable melting
and bonding of powder particles is between 20 and 63 um. The homogenous nature of the powder and its
suitability for the SLM process are shown by the particle size distribution shown in Figure 1. Precise control
over the powder bed and laser enables accurate and consistent component production, ensuring that the final
products meet strict quality requirements.

. Table 1. Chemical composition of AlFeSitoMg alloy

ELEMENT Wt(grams)
Mg 0.45
Al 69.64
Si 9.9
Cr 0.79
Fe 0.55
Cu 0.05
Total 81.62
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Figure 1: Powder particle size distribution

2.2 SLM Procedure

This investigation's AlFeSitoMg alloy samples were produced using a German-manufactured SLM Solutions
M280 2.0 Laser Powder Bed Fusion (L-PBF) apparatus. The apparatus, seen in Figure 2a, operates on a 400
watt continuous-wave Yb-fiber laser inside an argon gas environment. Due to its enormous volume capacity
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of 280 x 280 x 365 mm3, the SLM M280 build platform may be used to create large parts or several smaller
components at the same time. A few tweaks are needed while using the Selective Laser Melting (SLM)
method. These qualities are essential and might significantly affect the calibre of the finished product.
Comprehending these procedural elements is essential for achieving effective model training and energy
optimisation. Our model's inputs consist of four essential elements. A more thorough description of these
elements may be found here:

The procedure is affected by the following variables: layer thickness, hatching distance, scan speed, and laser
power.

The laser intensity is a critical factor that directly influences the energy absorbed during the dissolving of the
material. As a result of incorrect calibration and excessive power consumption, the final product is
characterised by defects and porosity that result from the irregular melting of the material. Nevertheless, an
excessively high laser power may lead to insufficient heat dispersion, which could accumulate excess heat
and cause severe burning. SLM apparatus typically employ lasers with a power range of 200-1,000 W.
Scanning Speed: The scan velocity is a critical factor in the SLM sintering procedure. The flow is altered, and
the output quality is ultimately reduced, as the molten pool contracts more rapidly than the scan speed. The
ejection of molten pool particles may result from an increase in scanning velocity, which could result in the
formation of gas-filled cavities, partial fusion, and microstructure abnormalities. As a result, it is essential to
select the appropriate scanning velocity in order to generate a densely packed and consistent structure.
The seam spacing is a critical factor in the regulation of the density and surface quality of products produced
by Selective Laser Melting (SLM). The measurement is conducted by calculating the distance between the
foci of parallel laser beam trajectories. The production rates are immediately influenced by the increased
laser layer scanning that results from an increase in hatch distance.

However, denser layers necessitate a larger laser point size due to the necessity of a shorter hatch distance.
Insufficient hatching spacing may result in spaces between images, which would render the object's structure
permeable. It is crucial to achieve equilibrium, as an excessively large hatch spacing may result in high
porosity and substandard materials. The primary focus of the research is hatch spacing, as it significantly
influences the density, construction speed, and overall quality of the components that are produced.The
millimetre measuring range is 0.05 mm to 0.25 mm.

The vertical distance between consecutive layers in additive manufacturing methods, such as selective laser
melting (SLM), is called the layer thickness. It significantly affects the final product's surface's overall quality,
intricacy, and smoothness. Thicker layers provide smoother surfaces and more precise features, but they may
take longer to print. Thickner layers may speed up printing, but they may also reduce smoothness and detail
in the final product. The selection is influenced by the machine's capabilities, special demands, material, and
application. The layer separation must be between 0.02 and 0.1 mm . This coefficient displays the production
rate in cubic metres per hour. Cubic centimetres per hour, abbreviated as cm3/h.To guarantee consistency
across all samples throughout the printing process, a set of constants was kept in addition to the variable
values shown in Table 2. Maintaining the build platform at 1500°C to provide a steady temperature
environment for printing was one of the constants. By keeping the laser spot diameter constant at 75
micrometres (um), a perfect focus point for the laser to generate accurate melting and bonding of the powder
particles was guaranteed. A consistent piece density and uniform layer deposition were guaranteed by
keeping the layer thickness at 30 um. The scanning orientation remained at 0° (horizontal direction) at the
end of the specimen production process, indicating that no further support structures were required. With
the fixed settings in place, a uniform printing process was achieved, ensuring reliable and consistent results
for all printed samples.

2.3. Conducting Experiments

By employing an L16 orthogonal array and the design of experiments (DOE) approach, the process
parameters were established. This technique enables a systematic analysis of the effects of different
parameter combinations on the final printed components. The specimens were printed horizontally at a 0°
angle and did not need any additional support structures. The maximum oxygenation of the gas during the
SLM printing process reached approximately 0.12%. Maintaining low oxygen levels is crucial in order to
prevent powder oxidation, which could have a detrimental effect on the mechanical properties and surface
finish of printed objects.This calculation enhances our understanding of the relationship between energy
input and the bonding and merging of the powder particles.

Figure 2b presents accurate energy density measurements for each test condition (T1 through T15).The worn
samples displayed in Figure 3 were subjected to a series of tests to assess their durability and mechanical
characteristics.

Deliberate change of process parameters inspired by test design allowed for a thorough examination of
optimal configurations for using the SLM technology to make high-quality AlFeSiioMg components. To sum
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up, the production of trustworthy and excellent AlFeSitoMg alloy samples that were then used for wear and
mechanical testing was made possible by the meticulous control of process variables and the rigorous
experimental design.
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Figure 2: a) SLM schematic diagram and b) laser energy density results.

Table 2: Experimental Observations

Run A: power B: Speed | C: Hatching Distance H | D- Layer thickness T R1 LED R2SED | R3VED
watt mm/sec mm mm j/mm j/mm2 j/mms3
T1 370 900 0.173 0.04 0.411 2.38 59.41
T2 370 1300 0.25 0.02 0.284 1.14 56.92
T3 370 1235 0.1 0.04 0.3 3 74.9
T4 370 1270 0.15 0.05 0.291 1.94 38.85
Ts 370 955 0.15 0.02 0.387 2.58 129.14
T6 370 1300 0.25 0.02 0.284 1.14 56.92
Ty 370 1270 0.15 0.03 0.291 1.94 64.74
T8 325 1100 0.25 0.03 0.295 1.18 39.39
Tog 295 1300 0.125 0.06 0.226 1.82 30.26
T10 317 1000 0.25 0.04 0.317 1.27 31.7
T11 314 900 0.199 0.06 0.348 1.75 30.16
T12 295 1100 0.125 0.03 0.268 2.15 71.52
T13 310 1270 0.25 0.05 0.244 0.98 19.58
T14 325 1250 0.25 0.04 0.26 1.04 26
Ti5 325 1300 0.15 0.03 0.25 1.67 55.56

3.Results and Discussion

3.1 Microstructure Evaluation

Figures 34, 3b, and 3¢ show how the microstructure of the AlFeSiioMg alloy samples was analysed at various
magnification levels using a scanning electron microscope (SEM). The SEM images provide detailed views of
the samples' internal structure and surface appearance, highlighting significant information that influences
the mechanical characteristics of the material. The micrographs demonstrate differences in the
microstructure depending on which processing parameters were used during the SLM printing process.
Figures 3d, 3e, and 3f illustrate notable defects in materials produced with low laser power in conjunction
with certain scan speeds (T1, T2, and T3), including porosity, oxide coatings, and fractures. These flaws result
from inadequate fusion and bonding between the powder particles due to insufficient energy input.
Differences in the melting process are shown by the occurrence of both round and irregular holes.
Furthermore, thermal stresses and a lack of affinity between oxides and the metal matrix may be to blame for
the presence of horizontal fractures inside the structure. This leads to the development and spread of long-
term surface cracks.
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Porosity

Initiating defects

Figure 3. Defects at different laser power and scan rates a) 370 wats with 130/ s, b) 37owatts with
1270 mm/s, c¢) 325 watts with 1000 mm/s, d) 37owatts with 955 mm/s, €) 314 watts with goo mm/s, and f)
325 watts with 1300 mm/s.

Thermal deviations were seen when more laser power was applied at certain scan rates (T13, T14, and T15).
These findings suggest that problems such residual stresses and warping might be the consequence of
overheating. The delayed cooling rate of the process led to the development of oxidation on certain
AlFeSitoMg powder particles, which in turn compromised the structural integrity of the printed
components.The study discovered that the distance at which hatching occurs is a significant factor affecting
the strength and functioning of the printed samples. Changes in the eggs' incubation distance had an impact
on the components' hardness and density. More precisely, when the laser's power dropped, density and
hardness also dropped. On the other hand, a faster scan speed led to a higher hardness but a lower density
because more pores developed.

Based on the principles of experimental design, the samples generated under the specific conditions of T5
were of higher quality and had fewer mistakes. Figure 5 illustrates the enhanced microstructure of the
samples obtained under these ideal conditions at various magnification settings. Conversely, samples
generated under T4 and T6 conditions exhibited porosity and fractures, mostly as a result of insufficient
cooling rates and sluggish scan speeds.
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Figure 4: (a and b) Defects free components microstructure at T5 as 370 watts with 955 mm/s.

The AlFeSiioMg alloy samples' microstructure was examined at various magnification settings using a
scanning electron microscope (SEM). The outcomes are shown in figures 3a, 3b, and 3c. The SEM images
provide detailed views of the internal structure and surface appearance of the samples, with an emphasis on
critical properties that influence the material's mechanical capabilities. The micrographs demonstrate how
the processing settings used in the SLM printing process impact the microstructure. The samples generated
by combining low laser power with certain scan speeds (T1, T2, and T3) contain noticeable flaws such
porosity, oxide coatings, and fractures, as shown in Figures 3d, 3e, and 3f. These defects result from
inadequate fusion and bonding of the powder particles due to insufficient energy input. More precisely, the
uneven melting process is suggested by the presence of both round and irregular holes. In addition,
longitudinal cracks occur and spread across the surface due to the combination of limited wettability between
oxides and the metal matrix and heat stresses. This is the main cause of the fractures that occur in the
structure's horizontal direction. Thermal variations were observed at different scan speeds (T7, T8, and T9)
while using a greater laser power. According to these results, overheating could be the source of warping and
residual stresses. Due to the insufficient cooling rate during the procedure, certain particles of the
AlFeSiioMg powder underwent oxidation, which posed a risk to the overall integrity of the printed pieces.
Based on the experiment's findings, it was observed that the distance at which the samples were hatched had
a significant impact on their strength and usefulness. The toughness and density of the fragments were
influenced by variations in distance during the hatching process. Specifically, as the laser intensity decreased,
so did the density and hardness. However, as the scan speed increased, pores began to form, resulting in
higher density but lower hardness.

Under certain conditions (T5), samples produced following the principles of experimental design (DoE)
showed a decrease in flaws and an enhancement in quality. The samples in Figure 4 exhibit superior
microstructure when viewed at different magnification levels, which can be attributed to fortuitous
circumstances. However, samples created using the T4 and T6 parameters exhibited porosity and fractures,
primarily due to inadequate cooling rates and scan speeds. The microstructural characterisation had a
significant impact on the mechanical characteristics of the samples, specifically their strength and hardness.
Understanding the relationship between scan speed and laser power is crucial for achieving optimal
microstructure and flawless product quality. The study's conclusion highlights the significance of processing
variables in determining the final characteristics of the AlFeSiioMg alloy component produced through
selective laser melting (SLM) printing.

3.2 Density and Hardness

The hardness and density of the AlFeSiioMg alloy samples were evaluated using the L16 orthogonal array
design of experiments (DoE), the results of which are shown in Table 6. The hardness testing was carried out
in accordance with the ASTM E384 standard using the Vickers hardness test method. Each of the fifteen
samples was subjected to microhardness testing, which yielded the Vickers hardness value by making three
indentations at three separate sites on each specimen. Sample T5 achieved a maximum hardness value of
126+5 HV after loading 1000 grammes into it and allowing it to rest for 10 seconds at each indentation site.
In compliance with the ASTM SI 10 standard, the Archimedes technique was used to ascertain the
substance's density. The theoretical density (pt) of the AlFeSiioMg alloy powder is 2.67 g/cm3. The highest
density attained in the manufactured components, especially for sample T5, was 2.66 g/cm3, according to the
post-SLM study. This measurement shows that components with densities that are very near to the predicted
value may be produced by optimisation of the SLM process. This implies that the components have extremely
minimal porosity and imperfections.
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Table 3. Mechanical properties of density and hardness.
Trail No. Hardness (HV) Density (%)

T1 106.44 2.62 (98.3%)
T2 123.13 2.633 (98.6%)
T3 120 2.638 (98.8%)

T4 102.35 2.61(98.5%)
Ts 124 2.650 (99.6%)
T6 108.4 2.647(99.1%)
T7 89 2.554 (95.6%)
T8 104.8 2.616 (97.9%)
To 107.24 2.61 (98.0%)
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.Figure 5: a) Vickers hardness and b) Density of AlFeSitoMg samples.

Hardness and density are only two of the mechanical qualities that are greatly influenced by the
microstructural characteristics, which include the existence of pores, fissures, and overall porosity. Because
of the higher energy densities, samples are more prone to keyholing when utilising high laser power and low
scan speed. Temperature variations and a rise in porosity follow as a consequence. Decreases in hardness and
density readings are the outcome of these flaws. On the other hand, the ideal configurations—especially the
ones used for sample T5—minimize these flaws to the absolute minimum, producing exceptional mechanical
characteristics. It is evident from the data in Figure 5 and Table 3 that increasing the laser power from 300 to
370 watts and the scan speed from 900 to 1300 mm/s causes a significant drop in hardness and density.
More precisely, the hardness drops from 126+5 HV to 9o+5 HV, and the density drops from 99.6% to 95.6%
of the theoretical value. This trend highlights how important it is to strike a balance between scan speed and
laser power in order to get the best material properties. Sample t5 shows that the right mix yields good
results with high hardness and density values, which suggest fewer internal defects and a strong
microstructure. In conclusion, our research emphasises the importance of precise control over the SLM
process parameters in order to maximise the mechanical properties of components fabricated from the
AlFeSiioMg alloy. Understanding the connection between process variables, structural integrity, and
mechanical properties is crucial when utilising additive manufacturing techniques to create delicate
components.

3.3 Wear Characterization

When studying the friction properties of AlFeSiioMg alloy samples, it is important to analyse two key factors:
the wear rate and the coefficient of friction. The experiment analysed nine samples that were subjected to
various process conditions using an L16 orthogonal array. Figure 7 shows the rate of deterioration of the
AlFeSi1ioMg material at different sliding speeds. This experiment demonstrates the wear rate under specific
conditions: a sliding speed of 300 rpm, a constant load of 60 N, and an operating time of 300 seconds.

The results show that under these conditions, intrinsic material faults such as porosity and pores—which are
affected by certain SLM process parameters—increase the rate of wear of AlFeSiioMg.
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Fifteen samples were produced and made using the design of experiments and the SLM methodology, as
shown in figure 6. The sliding distance was 80 mm, and the experimental tests were carried out under
isothermal circumstances at a constant ambient temperature of 25°C. After trials T1 through T9 were
finished, sample T5 showed the best outcomes. The sample performed quite well, as the curve in Figure 10
illustrates.

Figure 6: Fabricated specimens with SLM

A thorough examination of sample t5's findings is shown in Table 4, where 94 micrometres of damage is the
least amount of damage found. The volume of wear was measured at 1.25 mm3, but the change in length had
a negligible value of 0.06%. In addition, the wear rate was determined to be 4.97x10”-8 mm2/N, whereas
the wear velocity was measured at 1674.46 mm/s. The frictional force was found to be 14.1 N, and the wear
coefficient was found to be 0.04 mm2/N. The results showed that sample T5 performed better in terms of
wear resistance and friction than the other samples that were evaluated. Figure 9 illustrates the variations in
wear and frictional force among the samples. The samples with more obvious cracks, porosity, and other
SLM processing flaws had the highest amount of wear-induced material loss. It has been shown that raising
the laser's power and scan speed led to higher wear and friction rates, which might be a sign of more
significant material or manufacturing issues. These findings highlight the need of optimising the settings of
the selective laser melting (SLM) process in order to decrease defects, enhance wear resistance, and increase
overall functioning of components composed of the AlFeSiioMg alloy.

(@) )

Figure 7: (a and b) Wear testing schematic diagram.
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Figure 8: (a) wear, (b) frictional, and (c) coefficient friction results

Table 4: Wear and frictional results

No. of Trails Load inNewton Speedinrpm Time inWear in Frictional Force in
minutes Micrometer Newton
Trail (T1) 167 15.5
Trail (T2) 210 19.7
Trail (T3) 399 20.1
Trail (T4) 567 18.7
Trail (T5) 60 300 7 97 15.1
Trail (T6) 555 20.3
Trail (T7) 598 22.5
Trail (T8) 652 19.2

Trail (T9) 734 23.4
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Figure 9: a) wear characterization results and b) Frictional force results.
4. Conclusion

As a result, this study clarifies the selective laser melting (SLM) process that is used to produce AlFeSiioMg
alloy parts. The approach is mainly focused on wear assessment and fault analysis. The study emphasises the
importance of building orientation via careful analysis and rigorous testing, especially in relation to wear
behaviour. The mechanical characteristics of printed items may be enhanced and the quantity of mistakes
can be decreased by carefully adjusting the construction orientation. The study shows how important process
variables, such scan speed and laser power, are to the quality of printed products. It has been shown that
higher laser powers and scan speeds result in more defects like porosity, pores, and cracks, which lower wear
resistance, fatigue strength, density, and hardness.

By carefully changing process parameters—that is, by employing low laser power and lowering scan speeds—
defect-free components can be optimised. Using this method reduces defects and results in distortion-free
components. A 370 Watt laser power, a 955 mm/s scan speed, and a 0.1 um hatching spacing are among the
exact requirements for optimal performance that the study sets forth. Reduced fault occurrence and
improved mechanical properties result from these parameters. Excellent mechanical properties were shown
by the AlFeSi1ioMg alloy components at the optimum values. The following characteristics are included: a
wear rate of 94 micrometres, a change in length of 0.06%, a wear volume of 1.25 mm3, a wear velocity of
1674.46 mm/s, a wear coefficient of 0.04 mm2/N. The obtained hardness of 126+5 HV and density of 2.66
(99.6%) are proof that the optimised SLM technique is effective in producing high-quality components. The
industrial applicability of the findings of this work are highly significant, particularly in those industries that
use components made of AlFeSitoMg alloy. Manufacturers that understand and optimise the SLM process
parameters can obtain components with better mechanical properties, fewer defects, and improved
performance. More dependability and efficiency follow from this in a variety of applications.
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