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ARTICLE INFO ABSTRACT

Keywords: To widen the industrial application of additively manufactured (AM) parts, the study of fretting wear behavior is

Laser _POWder bed fusion essential, as it ensures the safety and reliability that drive innovation in design and materials. This study explores

I’;“/[l}lm‘;‘“rg alloys the fretting wear behavior of the as-built and heat-treated state of AlSi10Mg alloy fabricated, viz., laser powder
1crohardness

bed fusion (LPBF). Initially, the as-built and T5, T6, and stress-relieved (SR) heat-treated samples were examined
using scanning electron microscopy (SEM) to gain insights into the microstructural changes. The as-built samples
exhibited a higher hardness level (135 HV) primarily due to the presence of very fine microstructure of the a-Al
cellular matrix with embedded Si. The a-Al cellular structure dissolved with various heat treatments, and Si
particles coarsened. The hardness decreased to 85, 79, and 67 HV for the T5, T6, and SR conditions, respectively.
Subsequently, fretting tests were conducted on the samples, applying various normal loads of 10, 50, and 100 N.
Further, the samples were characterized by the coefficient of friction (COF), worn surface morphology, and wear
volume loss. The investigation showed that the as-built material showed less wear volume loss under all loading
conditions than the heat-treated conditions. Furthermore, the T5 heat treated sample had a lower wear volume
when compared to the T6 and SR heat-treated samples. The heat-treated sample exhibits compressive stress,
whereas the LPBF processed, the as-built sample shows tensile stress.

XRD
Fretting wear

through conventional methods, such as complex internal structures or
channels [1], lattices [2], enabling light-weighting through topology

1. Introduction optimization [3], and multi-material, and multifunctional devices [4].
In addition, it can integrate parts to form assemblies, thereby limiting
Additive Manufacturing (AM) processes built parts layer by layer, the need for mechanical fixtures and post-processing steps. This also
based on three-dimensional (3D) data, due to their inherent layered opens the door to cost-effective customized product manufacturing [5].
construction method. The industry is currently benefiting from the A5 AM’s credibility continues to rise, its influence is anticipated to
ability to create intricate geometric structures and nearly net-shaped spread globally across businesses, where AM components are increas-
materials using a wide array of existing AM processes. These tech- ingly utilized in many industries [6,7].
niques hold the possibility to streamline design-to-manufacture time- Among the various AM techniques, LPBF is distinguished as a
lines by consolidating numerous manufacturing steps into a single powerful AM technique, appropriate for working with a diverse range of
process. Specific AM methods provide the benefit of material efficiency, metals, alloys, and metal matrix composites [8,9]. LPBF, also known as
using only the required amount of material for the particular component Selective Laser Melting (SLM), has increased adoption across industries
being produced. The primary motivation for implementing AM is design due to its ability to create complex components directly from CAD

freedom, allowing for the incorporation of features that are unattainable
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Nomenclature

3D Three-dimension

Al,O3 Aluminum Oxide

pm Micrometer

Al Aluminum

Al-Si Aluminum-Silicon

AM Additive Manufacturing
COF Coefficient of Friction

EDS Energy Dispersive Spectroscopy
EOS Electro Optical Systems
HIP Hot Isostatic Pressing
HRC Hardness Rockwell C scale

HV Hardness Vickers

JCPDS  Joint Committee on Powder Diffraction Standards

LPBF Laser Powder Bed Fusion

SEM Scanning Electron Microscopy

SLM Selective Laser Melting

SiC Silicon Carbide

SR Stress Relieving

T5 Direct Ageing heat treatment condition

T6 Solution Treatment followed by Ageing heat treatment
condition

XRD X-Ray Diffraction

WEDM  Wire Electric Discharge Machining

models [10]. In LPBF, a high-power-density laser melts and fuses metal
particles together. Since the inception of laser melting technology,
considerable research has focused on the impacts of the rapid heating
and cooling rates characteristic of SLM [9,11,12]. SLM is used more
frequently to produce load-bearing parts, such as automobile power-
trains, turbine components, and aerospace parts [13,14]. As the popu-
larity of SLM grows, there is a growing emphasis on evaluating the
mechanical performance of these parts to ensure their reliability and
credibility.

On the other hand, processing aluminum (Al) alloys through SLM has
posed challenges. Al powders are inherently lightweight have poor flow
characteristics, high reflectivity, high thermal conductivity, low laser
absorptivity, and susceptibility to oxidation. However, the successful
application of SLM in processing aluminum alloys has primarily been
achieved by casting alloys from the Aluminum-Silicon (Al-Si) group.
Alloying aluminum with other metals helps overcome these initial
challenges and enables effective processing via SLM. AlSilOMg and
AlSi12 alloys are the most commonly used aluminum alloys in SLM
systems due to their excellent castability, low shrinkage, and significant
Al-Si eutectic fraction [15]. AlSi10Mg, a hypo-eutectic alloy in the Al-Si
family, is known for its excellent weldability, hardenability, and me-
chanical properties due to its proximity to the eutectic zone in the Al-Si
phase diagram [16,17]. Adding Si to the alloy decreases its melting
point, minimizes shrinkage, and improves fluidity. In Al-Si alloys, the
minor Mg quantities enable heat treatment and enhance their mechan-
ical properties, making them suitable for structural components
[16-18].

Understanding the importance of post-production heat treatment for
LPBF aluminum components has led to extensive research efforts
[19-21]. These efforts are focused on creating innovative annealing
methods to enhance these alloys mechanical properties and functional
characteristics. This research branched into two distinct directions as
follows [22]. The first trend involved adapting traditional thermal
treatments, such as the T6 process, by modifying temperature and
duration specifically for LPBF aluminum alloys. This adaptation aimed
to optimize their properties. The second trend explored annealing
treatments at various temperatures, conducting experiments to under-
stand the phase transitions these treatments induced in the alloys.
Subsequently, customized annealing methods and direct aging (T5)
techniques have been established, specifically designed to align with the
microstructural properties of LPBF Al-Si alloys. Stress relieving is also
adopted along with T5 and T6 conditions. Tensile residual stresses are
inevitable in additive manufacturing surfaces as during the layering
process, the samples undergo rapid heating and sudden cooling, which
results in tensile residual stress [23]. Stress relieving helps to minimize
these residual stresses and enhances the mechanical properties.

Aboulkhair et al. [24] analyzed how T6 heat treatment affects the
microstructure and mechanical properties of SLM-printed AlSi10Mg.
The author disputes the common misconception about the hardenability
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of SLM AlSi10Mg alloy through T6 heat treatment. The findings in this
investigation demonstrated that the distinct starting microstructure led
to softening rather than hardening. Also, the materials ductility was
improved without substantially reducing strength. Wei et al. [25]
confirmed that the Si/Mg2Si particle size increases when the
solution-treated temperature rises and that T6 heat treatment signifi-
cantly diminishes the sliding wear resistance of as-built samples.

Zhuo et al. [26] revealed that annealing or stress relief treatment at
low temperatures (typically 300 °C for 2 h) reduces the internal residual
stress. At the same time, lowering the stress relieving/annealing tem-
perature can reduce microstructural coarsening [27,28]. Further, Gio-
vagnoli et al. [29] stated that the alloy’s equilibrium state (complete
precipitation of Si from the Al primary phase) can be fully restored
through low-temperature annealing. During this process, the Si network
breaks down, forming Si particles, while the coarse grains (presence of Si
particles in the primary a-Al) remain unaffected. These alterations in the
microstructure contribute to a decrease in the static strength of the alloy,
as evidenced by a reduction in hardness compared to its as-built con-
dition [29].

Subramaniyan et al. [19] revealed that the micro-hardness of
SLM-printed AlSi10Mg samples remained largely consistent between
their as-printed and T5 heat-treated conditions. T6 heat-treated samples
exhibited lower micro-hardness than both as-printed and T5
heat-treated samples. The as-printed samples’ higher hardness values
are likely due to rapid solidification and residual stresses.

Fiocchi et al. [22] point out that research on direct aging treatment,
particularly T5, which involves annealing at lower temperatures for
maximum hardness and strength enhancement through precipitation
hardening, is less common than T6 or annealing. Two factors resulting
from the T6 treatment experience are the primary drivers of interest in
the T5 treatment of LPBFed Al-Si alloys. The spheroidization and
coarsening of the eutectic Si phase are responsible for the sudden fall in
strength that was previously observed [22,30]. Additionally, reports
indicate that a solution treatment significantly reduces the supersatu-
ration of alloying elements in the as-built Al matrix [31]. As a result,
preceding the initial high-temperature solution treatment can maintain
the original Si morphology and enable precipitation, capitalizing on
matrix supersaturation from LPBF’s rapid cooling.

Mechanical assemblies subjected to vibration may experience slight
relative motion between their contacting surfaces, leading to fretting
fatigue and fretting wear [32]. Fretting refers to the wear that happens
when two solid surfaces in contact experience small amplitude oscilla-
tory tangential movements relative to each other [33]. Fretting wear
induces cracks and delamination in the surface during the process,
which acts as a stress raiser and accelerates the fatigue failure [34]. The
primary determinants within a contact situation encompass the mate-
rial’s physical attributes (such as hardness, yield strength, fracture
toughness, and chemical inertness), the environmental factors
(comprising temperature, relative humidity, and lubricants), as well as
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the conditions of contact (including displacement stroke, vibration fre-
quency, and contact pressure). Fretting is considered a characteristic of
actual vibrating contacts due to the intricate interplay of multiple factors
[34]. Recent research has focused on the SLM of AlSi10Mg, covering
aspects such as process optimization [35-37], powder properties [38],
surface roughness [39] crystallographic texture [17], hardness [40],
microstructure and mechanical properties [40-44]. However, limited
literature addresses the fretting wear behavior in SLM AlSi10Mg.

In LPBF, AM-printed parts exhibit inherent tensile stress at the sur-
face, while compressive residual stresses are observed beneath the sur-
face [45,46]. Compressive residual stresses are vital for enhanced
service span life of industrial part applications (AM, aerospace, and
automotive) by providing enough strength [47,48]. Compressive stress
can enhance a material’s fatigue life, increasing its durability and
serving as a protective layer against tensile stresses that could cause
cracking or other types of damage [49,50].

The present study aims to investigate the microstructural aspects of
as-printed AlSi10Mg samples under various heat treatment conditions
(T5, T6, and SR-stress relieved). These alloys are crucial for critical
parts, and their low wear resistance can lead to catastrophic failures. To
address this issue, the samples were subjected to fretting wear testing
under various normal loads (10, 50, and 100 N) to gain insights into
their fretting behavior.

2. Materials and methods
2.1. Material

The gas atomized AlSi10Mg powders having spherical morphology
and typical composition of 10% of Si, 0.3% of Mg, and balance Al in wt.
% with an average diameter ranging from 15 to 30 pm supplied by
Electro Optical Systems (EOS) were used for printing the sample. The
analysis of powder morphology was conducted using a Carl Zeiss FE-
SEM 300. The particles exhibited predominantly spherical shapes,
with some instances of satellite agglomeration, as illustrated in Fig. 1.

2.2. Laser powder bed fusion (LPBF)

The samples were built with LPBF using an EOSINT M 280 3D Printer
equipped with 400 W Ytterbium fiber laser. Fig. 2 represents the sche-
matic diagram of the LPBF process system. Samples were built to a
cubical shape with 10 x 10 x 10 mm® dimensions. The study selected
specific optimum parameters based on pilot experiments and earlier
investigations [51,52]. Before printing, the platform was heated to
30 °C. The AlSi10Mg was fabricated in an inert argon environment to
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Fig. 1. Morphology of AlSi10Mg powder.
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Fig. 2. LPBF process system.

minimize oxygen’s effect on the material properties.

Table 1 provides a summary of the optimized printing parameters.
Furthermore, the components manufactured were detached from the
substrate using Wire Electric Discharge Machining (WEDM). A
comprehensive graphic representation of the different test processes
carried out in the present work has been shown in Fig. 3.

2.3. Heat treatment

Based on earlier studies [51-56], the present investigation adopted
the T5, T6, and SR heat treatment conditions after printing. The heat
treatment was conducted using a box furnace (Make: Kemi muffle
furnace, India). Direct Ageing was carried out at 170 °C for 3 h, and the
furnace was cooled (T5). The solution treatment was performed at
540 °C for 2 h, with water quenching followed by artificial ageing at
170 °C for 3 h with subsequent furnace cooling (T6), and Stress
Relieving was done at 320 °C for 3 h, with subsequent furnace cooling
(SR). The T5, T6, and SR heat treatment curves are shown in Fig. 4.

2.4. Microstructure characterization

Post-printing, samples measuring 10 x 10 x 5 mm? for microstruc-
ture analysis were taken from a plane perpendicular to the built direc-
tion. The surface of samples (as-printed and heat treated) at different
conditions were polished sequentially using SiC abrasive papers with
different granularities ranging from #100 to #2000 grit, followed by
cloth polishing with diamond paste (0.25 pm) to obtain the final
roughness of 0.4 um. Keller’s reagent (vol. 2.5% HNOs, vol. 1% HF, vol.
1.5% HCI, vol. 95% H,0) was used as an etchant to reveal the micro-
structure, which was characterized using a Scanning Electron Micro-
scope (SEM) equipped with an Energy Dispersive Spectrometer (EDS).

2.5. X-ray diffraction (XRD)

X-Ray diffraction (XRD) measurements of As-printed and heat-
treated samples were performed in a Malvern Panalytical’s 3rd Gen
Empyrean diffractometer equipped with Cu-Ka source (A = 1.54 A)
within the range of 26 from 10 to 110° at a scan rate of 5°/min. The
obtained patterns were analyzed in the XpertHighscore V3 software to
determine the development of the secondary phase’s formation upon

Table 1
LPBF printing parameters.
Parameters Set Value
Laser power (W) 370
Scanning speed (mm/s) 1300
Scanning strategy Rotating stripe (67°)
Inert gas Ar
Built platform temp (°C) 30
Layer thickness (pm) 70
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Fig. 4. Heat treatment curves (T5, T6 an SR).
heat treatment.
2.6. Residual stress measurement

Residual stress measurements were conducted using the standard
XRD-based siny method (PANalytical, Netherlands). The peaks utilized
for analyzing the residual stress were {311}. The sample underwent
tilting within the 40 to —40° range, totaling 33 steps. Cu-Ka radiation
was used for the measurement, and the primary aperture size was 2 mm
x 5 mm. Residual stress was measured on the build sample surface after
polishing.

2.7. Microhardness

Vickers microhardness test of as-built samples and samples treated at
different conditions were performed using Omni Tech microhardness
tester by subjecting to a load of 100 g with a dwell time of 10 s. A
minimum of ten indentations were considered on the mirror-polished
flat surface, and the average values were reported.

2.8. Fretting wear

Fretting wear tests were conducted on as-printed and heat-treated
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samples using a DUCOM fretting wear testing machine (Make: India),
operated with WINDCOM 2010 software. Prior to the test, the samples
were sequentially polished up to #2500 grit using SiC abrasive papers
followed by velvet cloth polishing assisted with diamond aerosol spray
to obtain a mirror finish. The test setup involved a ball-on-plate
arrangement, where samples slide against a 6 mm diameter Alumina
(Al,03) ball with 55 HRC hardness under loads of 10, 50, and 100 N at a
constant frequency and sliding amplitude of 15 Hz and 100 pm,
respectively, for 10,000 cycles. The maximum Hertzian contact pres-
sures were 974.9, 1667, and 2100 MPa, with corresponding maximum
shear stress depths of 0.14, 0.054, and 0.069 mm for forces of 10, 50 and
100 N, respectively. Tests were conducted at 30 °C with a relative hu-
midity range of 60% =+ 5%. Three trials were conducted for each spec-
imen, and the average was reported, with the standard deviation
considered the error bar. The build directional surface was chosen for
the fretting wear test. After the wear test, the sample was subjected to
3D-noncontact mode profilometry to analyze the wear volume loss. In
addition, SEM analysis of worn surfaces explains the wear mechanism.

3. Results and discussion
3.1. Microstructure

Fig. 5(a—e) illustrates the as-built microstructure of AlSi10Mg, ori-
ented parallel to the deposited layers (XY plane) and along the built
direction (XZ plane). Fig. 5(a and b) illustrates the as-built microstruc-
ture, showcasing irregular geometries within the melt pool shape along
the XY plane. These geometries intersect with previous layers at a 67°
angle, as discussed in Section 2.2, depicting the layer orientation. From
Fig. 5 (a), the dark spots represent the aluminum matrix, and dark spots
indicate the silicon eutectic precipitates (Fig. 5 (b)). Irregularly sized
macro pores are visible along the scan track boundary, while micropores
are embedded within the scan matrix. The XY plane’s top surface dis-
plays distinct scan track patterns, a common characteristic of LPBF-
printed samples [57,58]. This microstructure reveals traces of the
scanning laser as it melts the powder layer, forming small melt pools that
quickly solidify. This rapid solidification results in directional growth
features that deviate from equilibrium. Coarser grains are common
along the melt pool border in layer-by-layer processes [59,60]. SEM
analysis reveals a novel eutectic microstructure featuring exceptionally
fine Si particles upon closer examination. The gray cellular features
depict the primary a-Al matrix with a white, fibrous Si network [61].
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Fig. 5. SEM microstructure of as-built AlSi10Mg samples at (a-b) X-Y plane (surface) and (c-e) X-Z plane (along the built direction).

The X-Z direction shows the melt pools due to melting and
re-solidification. There are two different microstructures observed. One
is at the melt pool boundary and the melt pool center. The melt pool
boundary shows a fine dendritic structure, and the center exhibits a
cellular structure, as seen in Fig. 5 (e). The presence of precipitation of Si
particles benefits the mechanical properties of the as-printed AlSi10Mg
samples printed via LPBF. A similar observation was reported by Jav-
idani et al. [62] and Delahaye et al. [61]. This cellular morphology in-
fluences the mechanical properties. Note that, no intermetallic
compounds have formed, which suggests a substantial Si supersatura-
tion in the Al matrix, a result of the rapid cooling during solidification.
Fig. 6 shows that a higher concentration of Si is present in the cell
boundaries, and also a limited amount of Mg particles is segregated into
the matrix. A similar observation was noted by Zhou et al. [63].

Moreover, the microscopic examination of as-built samples revealed
the presence of pores in both the X-Y and X-Z directions, attributed to
the rapid cooling process [64,65]. These pores have a significant impact
on the mechanical properties [66]. Consequently, researchers have been
concentrating on mitigating these pores’ presence through various
post-processing techniques, such as Hot Isostatic Pressing (HIP). HIP has
shown promise in effectively addressing internal pores; however, con-
cerns arise regarding its ability to address surface-level pores and cracks
[67,68]. Since properties like fatigue resistance, corrosion resistance,
and resistance to fretting wear are heavily influenced by surface finish,
HIP may not be the optimal solution for enhancing these specific
properties.

Fig. 7 shows that T5 samples exhibit remarkably similar micro-
structures as those in as-built conditions in both X-Y and X-Z conditions.
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Melt pools appears within the microstructure, retaining an ultrafine sub-
micrometric composition of super-saturated o-Al cells surrounded by a
eutectic Si network. Within the a-Al matrix cells and acicular Si pre-
cipitates were observed. The T5 treatment transforms the metastable as-
built microstructure into a more stable state. This transformation is
distinguished by the development of widespread Si particles and the
partial reduction in melt pool presence (Fig. 7(d and e)). This condition
also enhances the ductility by 64%, as reported by Rosenthal et al. [69].
In Fig. 8, Si particles are evident in the microstructure.

Fig. 9(a—e) displays the microscopic structure of a T6 heat-treated
sample, aligned parallel to the layers deposited in the XY plane and
also along the built direction in the XZ plane. Applying a T6 heat
treatment result in a microstructure that unambiguously contrasts with
the as-built state. To address the inherent anisotropy present in as-built
samples, a T6 treatment is applied to achieve homogeneity [58]. Upon
solution heat treatment (T6), the melt tracks completely disappear. This
transformation occurs through two interdependent mechanisms. First,
silicon atoms precipitate along pre-existing cellular boundaries after
dissolving in the super-saturated as-built matrix. This precipitation
process leads to the cellular boundaries becoming less distinct. Subse-
quently, Si branches undergo fragmentation and spheroidization. The
reduction in silicon density is due to particle coalescence and Ostwald
ripening process. In this phenomenon, larger particles increase in size at
the cost of the smaller ones. Smaller particles, which possess higher
surface energy and are less thermodynamically stable, are more sus-
ceptible to dissolution. As a result, motivated by the decrease in surface
energy, the larger metastable precipitates undergo coarsening, essen-
tially growing at the cost of the smaller ones. Heat treatment of the solid



R.S. Nanjundaiah et al. Journal of Materials Research and Technology 30 (2024) 4330-4346

Area 285 - Live Map 1 | AIK_ROI (27

~
-~
w
-
~
=
-0
-o

WD : 14

o

-2 -
w0 =M
= -~
-~ -
-e -]

| ———— e AL P ER T [T 10931860 WD 14

Fig. 6. Microstructure of X-Z plane (a) and elemental mapping of Al (b), Si (c) and Mg (d) for as-builtAlSi10Mg sample.
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Fig. 7. Microstructure of T5 heat treated AlSi10Mg along (a and b) X-Y plane and (c and d) X-Z plane and e) melt pool boundary.
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Fig. 8. Microstructure of X-Z plane (a) and elemental mapping of Al (b), Si (c) and Mg (d) for T5 heat-treated sample.
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Fig. 9. Microstructure of T6 heat treated AlSi10Mg along (a, b) X-Y plane and (c, d) X-Z plane.

solution can result in minor Si phase precipitation within the a-Al ma- Fig. 10 shows the presence of Si-particles in the microstructure. It is
trix. As a result, eutectic Si fuses and accumulates in the a-Al matrix, observed that compared to the T5 condition, T6 shows a relatively large
leading to its softening and a subsequent decrease in strength [57]. Si-particle.
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Fig. 10. Microstructure of X-Z plane (a) and elemental mapping of Al (b), Si (c) and Mg (d) for T6 heat-treated sample.
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Fig. 11. Microstructure of SR treated AlSi10Mg along (a, b) X-Y plane and (c, d) X-Z plane.

Finally, The SR process implemented is designed to reduce the re-
sidual stress during the LPBF process. From Fig. 11, it is evident that SR
heat-treated samples exhibit distinct microstructures compared to as-
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built conditions. After the SR heat treatment, melt pools disappear and
the residual stress generated during the layer-by-layer process is
reduced. The cellular a-Al dissolves, and the coarsening of Si particles is
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observed in the SR condition as shown in Fig. 11 (b) inset. The coars-
ening of eutectic Si is also noticed. The initiation of Si spheroidization
and the expansion of these particles contribute to the progressive
dissolution of the continuous network. As per the earlier literature, the
SR condition, enhances the mechanical properties and increases the
ductility [58]. Fig. 12, featuring EDS mapping, reveals the distribution
of Si particles throughout the microstructure, suggesting the coarsening
of Si particles into the Al cell matrix.

3.2. XRD analysis of as-built and heat-treated samples

Fig. 13(a) shows the XRD results for both the as-built samples and
those subjected to various heat treatment conditions. The detected
diffraction peaks match the Al, Si, and Mg,Si phases, as identified by
their corresponding JCPDS patterns: 89-2837 for Al, 89-5012 for Si, and
01-1192 for Mg,Si [70]. Notably, the XRD patterns of the heat-treated
specimens exhibit Si peaks with higher intensities than the as-printed
samples, signifying the presence of precipitation of Si particles
following heat treatment. Also, as-built samples indicate the presence of
Mg-Si at a Bragg angle of ~99°. Mg-,Si precipitates are rarely observed
during the LPBF process. This could result from the self-quenching effect
caused by the layer-by-layer deposition. Moreover, the subsequent
layers’ rapid cooling and heating cycles lead the samples to promote the
formation of Mg,Si precipitates. During the T6 heat treatment, we
observe a Si peak intensification, indicating a significant amount of Si
within the a-Al matrix due to the elevated solution treatment tempera-
ture (Fig. 13(b)). This subsequently results in a reduced Si content
within the a-Al matrix. Furthermore, Mg,Si peaks are now evident in the
all-heat-treated samples. Zhou et al. [63] stated that the presence of the
Al-Mg,Si eutectic network and the in-situ Mg»Si precipitate formation
enhances the mechanical properties of the alloy.

In addition, Fig. 13(b) illustrates the displacement of the Si peak in
the heat-treated samples (T5, T6, and SR) compared to as-built samples.
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The higher intensity observed for the T6 samples from Section 3.1, due
to the microstructure analysis (formation of Si particles), might cause
the increase in Si peak at a Bragg angle of ~29°. Generally, as-built
samples exhibit the tensile residual stress due to higher temperatures
and sudden cooling. Tensile residual stresses negatively impact me-
chanical properties, including fatigue and wear resistance. After heat
treatment, XRD peaks at a Bragg angle of ~29° shift towards higher
angles, indicating the tensile stress relaxation or the induction of
compressive residual stresses. To understand this, the samples were
subjected to the residual analysis by XRD using the Sin?¥ method. The
as-built samples exhibit tensile residual stress around 30 MPa, whereas
heat-treated samples show compressive residual stress of —15 + 2.2, —7
+1.5, and —12 + 1.8 MPa for T6, T5, and SR conditions.

3.3. Microhardness

Fig. 14 displays the hardness levels of different heat-treated samples,
with the microhardness of the as-built sample being ~36 HV. Following
the T5 heat treatment, there is a notable 62.5% reduction in micro-
hardness, resulting in a value of 85 HV. Similarly, the T6 and SR heat-
treated samples exhibit 58% and 48% reductions, respectively,
compared to the as-built sample. The as-built samples exhibited
increased hardness, attributed to Si particles and a refined o-Al cellular
structure, resulting from the rapid cooling manufacturing process [57].
In contrast, the a-Al cellular structure is lost, and the Si particles coarsen,
leading to a lower density of grain boundaries, which tends to decrease
the hardness values [71]. Notably, the SR heat-treated sample exhibits a
notable reduction in hardness compared to the as-built sample, which
could be attributed to the coarsening of the microstructure following
heat treatment, as discussed in Section 3.1. In addition, as-built samples
typically undergo rapid solidification rates, resulting in a fine and
non-equilibrium microstructure. This can result in metastable phases or
an increased number of defects like dislocations or vacancies. Heat
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Fig. 12. Microstructure of X-Z plane (a) and elemental mapping of Al (b), Si (c) and Mg (d) for SR heat-treated sample.
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treatment facilitates the relaxation of residual stresses and a decrease in
defect density, ultimately reducing the cold work on the samples.
Consequently, the hardness of the heat-treated samples may be lower
due to these factors.

3.4. Fretting wear
3.4.1. COF

3.4.1.1. At 10 N load. Fig. 15(a—c) illustrates how the COF varies with
the number of cycles for both as-built and heat-treated samples. At first,
the COF rises to the highest levels, signifying the occurrence of run-in
wear, and then stabilizes after 2000 to 3000 cycles, eventually
achieving a steady-state wear condition. Notably, the as-built samples
exhibit a lower COF value of 0.59, while the heat-treated samples
display COF values of 1.40, 1.41, and 1.44 for T5, T6, and SR samples,
respectively (Fig. 15 (d)).

3.4.1.2. At 50 N load. The normal load was increased to 50 N to un-
derstand the fretting wear behavior further. Fig. 15 (b) shows the
changes in the COF relative to the number of cycles for both as-built and
heat-treated samples when subjected to a 50 N load. The average COF
values for as-built, T5, T6, and SR samples are 0.26, 0.34, 0.33, and 0.39,
respectively. Among the different heat treatment conditions, it’s note-
worthy that the as-built samples consistently exhibit lower COF values.
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3.4.1.3. At 100 N load. Fig. 15(c) depicts how the COF varies with the
number of cycles for both as-built and heat-treated samples under a load
of 100 N. The average COF values for as-built, T5, T6, and SR samples
are 0.12, 0.17, 0.16, and 0.16, respectively. Just as observed in the 10
and 50 N loading conditions, it is evident that the as-built samples
consistently exhibit lower COF values even under the 100 N loading
condition.

3.4.2. Wear volume loss

3.4.2.1. At 10, 50 and 100 N load. Fig. 16 compares wear volume loss
between the as-built and heat-treated conditions. Across all loading
conditions, the as-built samples consistently exhibit lower volume loss.
For instance, at a 10 N load, the as-built samples display a volume loss of
0.00011 m®, while the heat-treated samples show higher volume losses
of 0.0013, 0.0022, and 0.0018 m® for T5, SR and T6 respectively.
Similarly, at a 50 N load, the as-built samples experience a volume loss
of 0.0003 m®, whereas the heat-treated samples demonstrate higher
volume losses of 0.0002, 0.002, and 0.0005 m® for T5, SR, and T6
respectively. At a 100 N load, the as-built samples exhibit a volume loss
of 0.0069 m>, whereas the heat-treated samples showcase higher vol-
ume losses of 0.0009, 0.0019, and 0.0016 m® for T5, SR, and T6,
respectively.

As observed from Fig. 16, the as-built samples consistently exhibit
lower volume loss, whereas the SR samples consistently show higher
volume loss regardless of the normal load.

3.4.3. Worn morphology

3.4.3.1. At 10 N load. The worn morphologies analysis of both the as-
built and heat-treated samples are presented in Figs. 8-10, considering
loads of 10, 50, and 100 N at a frequency of 15 Hz. The examination of
these worn morphologies and surface topography offers insights into the
wear mechanisms occurring during fretting. Fig. 17 provides clear evi-
dence of distinctions between the conditions. In the as-built samples,
surface features include delamination and grooves, while the heat-
treated samples exhibit cracks, cavities, delamination, and grooves.
Note that the presence of cavities acts as crack initiation that causes
structural part damage, leading to reduced strength, stiffness, and
catastrophic failures, a commonly observed mechanism in LPBF metallic
glasses and concrete structures [72-75]. As-built samples exhibit a
smoother surface compared to the heat-treated samples. The worn sur-
face topography is detailed in Fig. 17(c-f, i, ). Heat-treated samples
demonstrated a significant interaction area than the as-built samples,
resulting in a lower wear volume loss observed in the latter. A noticeable
difference is observed in the topography: the as-built samples exhibit a
circular pattern, whereas the heat-treated samples display an elliptical
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morphology. morphology. Furthermore, the as-built samples exhibit smaller grooves

3.4.3.2. At 50 N load. Fig. 18 depicts the worn morphologies of both
the as-built and heat-treated samples under a normal load of 50 N are
depicted. It is noticeable that the as-built samples exhibit a smaller worn
surface area (interaction area) when compared to the heat-treated
condition. The as-built and T5-conditioned samples display a circular
morphology, while the T6 and SR samples exhibit an elliptical
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on the worn surface, whereas the heat-treated samples show signs of
delamination or cracks at the edges. Additionally, it is worth noting that
worn debris is notably present in the worn morphologies of the heat-
treated samples.

3.4.3.3. At 100 N load. Upon increasing the normal load to 100 N, the
samples show relatively smaller worn surfaces compared to 10 and 50 N
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Fig. 17. Worn morphologies (at 200x and 1500x magnification) and 3D optical profilometry images of (a—c) as-built, (d—f) T5, (g-i) T6, and (j-1) SR after 10

N loading.

loading conditions. Fig. 19 provides insight into the worn morphologies
of the as-built and heat-treated conditions. Similar to the 10 and 50 N
loading conditions, the as-built sample demonstrates a smaller wear scar
diameter than the heat-treated condition. In terms of morphology, the
as-built sample maintains a circular shape, whereas the heat-treated
samples exhibit a slightly elliptical morphology. Furthermore, the
worn morphology of the as-built samples appears relatively smooth,
unlike the T5 samples, which show a cluster of wear debris. The T6 and
SR samples, on the other hand, exhibit severe cracks and delamination at
the worn surface.

3.4.4. Oxygen mapping of worn surface

Fig. 20 illustrates the oxygen variation in relation to different loading
conditions for both as-built and heat-treated samples. Notably, as-built
samples consistently exhibit a limited oxygen content of less than 2 wt
% across all loading conditions. In contrast, heat-treated samples display
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a higher oxygen concentration on the worn surface when subjected to a
10 N loading condition, with values of 38.5, 41.2, and 34.5% observed
for T5, T6, and SR respectively. However, when the normal load is
increased to 50 and 100 N, both as-built and heat-treated samples
demonstrate lower oxygen concentrations, remaining below 2%.

4. Wear mechanism

In general, fretting wear under atmospheric conditions is signifi-
cantly influenced by the applied normal load [33,76]. To gain insights
into wear behavior under various normal loads, this study investigates
different levels of normal loads: 10, 50, and 100 N.

Initially, when subjected to a 10 N loading condition, the wear scar
diameter and cross-sectional wear scar analysis (as shown in
Figs. 17-19) reveal that as-built samples exhibit lower wear volume loss
than heat-treated conditions. This suggests that as-built samples
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Fig. 18. Worn morphologies (at 200x and 1500x magnification) and 3D optical profilometry images of (a—c) as-built, (d-f) T5, (g-i) T6, and (j-1) SR after 50

N loading.

demonstrate superior fretting wear resistance when contrasted with
heat-treated samples (specifically, T5, T6, and SR). The as-built samples
exhibit limited grooves parallel to the fretting direction, which is
indicative of mild abrasive wear. In contrast, heat-treated samples at the
10 N loading condition exhibit surface cracks and delamination.
Furthermore, an elliptical scar is observed on the heat-treated samples.
A transition from circular to elliptical scars typically indicates high shear
and plasticity [77,78]. Figs. 17-19 (f, i, 1) illustrate that the heat-treated
samples exhibit more pronounced ploughing, resulting in a plunging
effect at the edges, as evident from 3D profilometry and worn
morphology analysis. This indicates the occurrence of plastic deforma-
tion during the fretting testing of heat-treated samples. The morphology
analysis indicates that the surface of as-built samples remains relatively
smooth due to higher hardness (~135 HV). On the other hand,
heat-treated samples exhibit crack formation at the sliding surface and
edges, potentially due to higher stress concentration at the interface
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(stick-slip interface) [77].

EDS analysis reveals a clear correlation between loading conditions
and oxygen content in the tested samples. As-built samples consistently
maintain a low oxygen content, whereas heat-treated samples accumu-
late more oxygen on worn surfaces, particularly under a 10 N load.
However, oxygen concentration decreases at higher loads of 50 and 100
N. The concentration of oxygen content is notably higher in the heat-
treated samples, as discussed in Section 3.4.4, signifying severe fret-
ting damage. The higher oxygen concentration at the 10 N loading
condition may be attributed to the formation of worn debris, followed by
sliding on the debris under pressure, resulting in oxide patches on the
worn surface. This indicates oxidative, adhesive and abrasive wear in
heat-treated samples subjected to the 10 N loading condition, contrib-
uting to higher coefficients of friction values observed for heat-treated
samples (as discussed in Section 3.4.1) compared to as-built samples.

Under higher normal loading conditions of 50 and 100 N, both as-
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built and heat-treated samples exhibit lower oxygen concentration and
relatively smaller grooves on the worn surface, indicating abrasive wear.
A distinct stick regime is observed in heat-treated samples (see
Figs. 17-19 (f, i, 1)). The presence of cracks or delamination between the
stick and slip (worn surface to edge) regime suggests adhesive wear
under 50 and 100 N loading conditions. This indicates the partial-slip
regime. The presence of the partial slip regime aligns with the notable
lack of tribo-oxidation in the heat-treated samples subjected to higher
loads [79]. The absence of relative slippage at the contact center implies
minimal debris release, and the constant static contact in the central
region reduces the opportunity for air to access the contact area. At
higher loads (50 and 100 N), a reduction in contact pressure is due to the
transition from gross slip to partial slip, which consequently lowers the
COF. This is supported by the analysis of worn morphology. This aligns
with the lower COF values observed for 50 and 100 N loading conditions
compared to 10 N loading. Due to this, the wear volume loss and specific
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wear rate are also reduced at higher loads. The worn surface analysis
and COF measurements collectively indicate abrasive wear for as-built
and heat-treated samples under 50 and 100 N loading conditions.

To summarize, as-built samples demonstrate higher wear resistance
across all loading conditions, likely attributable to their hierarchical
microstructure and greater hardness. However, at higher loading con-
ditions, the effectiveness of as-built samples is nearly on par with heat-
treated samples.

5. Conclusions

AlSi10Mg samples were fabricated using the LPBF process and sub-
jected to comprehensive mechanical and microstructural analysis,
including hardness assessment, XRD, and SEM. Subsequently, a fretting
wear investigation was carried out on as-built and heat-treated
AlSi10Mg samples under ambient temperature conditions, employing
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varying normal loading conditions. Worn morphology, oxygen distri- interests or personal relationships that could have appeared to influence
bution mapping, and wear volume loss were examined using SEM, EDS, the work reported in this paper.

and 3D optical profilometry. The following conclusions have been
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