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A B S T R A C T

The ABD-900AM is a newly developed nickel-based alloy specifically designed for additive manufacturing,
and it can be printed using a wide range of process parameters. This alloy, combined with the L-PBF process,
allows for the production of dense parts with reference microstructures that are multi-scale, and facilitates the
study of the links between these microstructures and their tribological behaviors. To study the relationships
between microstructures and tribological behaviors, the parts are built vertically without interlayer rotation.
The plane studied are obtained with three scanning directions : 0◦, 45◦ and 90◦. These angles allow to generate
different microstructures on the planes on which are conducted the microstructural characterizations and
tribological tests, for which the sliding direction is always parallel to the building direction. This choice
of parameter enables access to different crystallographic textures (200) and (111), and cellular structures
with varying morphologies and homogeneity within the melt pools. Tribological tests were performed on
these microstructures in a ball-on-flat configuration with alternating motion, without lubrication, and at room
temperature. For the three laser angles (0◦, 45◦, and 90◦), the wear volumes are 0.60 ± 0.12 mm3, 0.81 ± 0.15
mm3, and 1.00 ± 0.09 mm3, respectively. The wear resistance is primarily related to the amount of oxide layers
formed on the wear track of the samples.
1. Introduction

Ni-based superalloys, widely used in high-performance applications
like aerospace [1,2], are known to withstand high temperatures and
offer robust mechanical and corrosion resistance [3]. This robustness,
however, also presents significant challenges in their machining due to
heat generation, material plasticity, strain hardening, and the presence
of abrasive carbides in the microstructure. These factors complicate
the machining process and reduce tool life [4]. The emergence of
additive manufacturing (AM) processes in the 2000s has sparked in-
terest in academia and industry, as they enable the production of
components with complex geometries and offer a potential solution to
these challenges [5].

Nevertheless, the Ni-based alloys belonging to the 𝛾/𝛾 ’ family, such
as Inconel 738, are generally considered challenging to weld due to
their high (Ti+Al) content [6]. Laser powder bed fusion (L-PBF) is a
process whereby successive melt pools are welded together. As a result,
applying alloys to L-PBF presents many challenges, with much research
focusing on the production of defect-free parts [7–9]. The ABD900AM®
belongs to the same alloy family, but its digital development was
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carried out using the Alloys-By-Design (ABD) method. The development
of this alloy has been driven by the pursuit of enhanced processability
while maintaining the mechanical properties characteristic of other
alloys, such as CM247LC and Inconel 939 [10–12]. The parts undergo
many phase transformations during printing, encompassing liquid/solid
and solid/liquid states at elevated cooling rates. These transformations
will influence the microstructure and generate complexities specific to
this process [13,14]. The microstructure is well-established to comprise
a cellular structure and grains exhibiting epitaxial growth [15,16].
Recent studies have demonstrated the relationship between process pa-
rameters, including laser power and building strategy, and the resulting
microstructure and mechanical properties [17–20]. It also reflects the
ability to tailor the crystallographic texture with process parameters. In
2021, Sanchez [5] reviewed the mechanical properties of Powder Bed
Fusion (PBF) nickel-based superalloys, but the tribological properties
were not discussed, indicating a need for further research. The studies
covering the tribological properties of Ni-based superalloys made by
laser powder bed fusion (L-PBF) have been published mainly since 2020
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Table 1
Chemical composition of the powder at as-received state.

Elements Ni Cr Co Mo W Al Ti Ta Nb C B Zr O N

wt% 49.8 17.0 20.4 2.1 3.1 2.1 2.3 1.5 1.8 0.049 0.004 <0.01 0.011 0.010
Table 2
Building parameters.

Laser power Laser speed Hatching distance Layer thickness Interlayer time

275 W 760 mm/s 120 μm 50 μm 63 s

and have gathered more than 20 articles. Previous studies have pri-
marily concentrated on the process parameters and post-treatments and
have established a correlation between these factors, the resulting tribo-
logical and hardness properties, and the microstructure. Liu et al. [21]
and Jia et al. [22] studied how the laser parameters affected cells and
porosity and exhibited that increased porosity implies a decrease in
hardness and wear performance. The influence of scanning strategy on
microstructure and tribological properties has only been investigated
by Yan et al. [23]. The parts were printed following three building
directions (0◦, 45◦ or 90◦) and with an interlayer rotation of 67◦, which
is well known to be almost untextured from a crystallographic point of
view. The results show a correlation between the building direction of
the parts and the resulting wear rates. Other researchers worked on
building strategies for 316L [24,25] and found slight differences linked
to the normal load and the scanning strategy used. For example, Bahsh-
wan et al. [25] related the good wear performance with the number of
high-angle grain boundary intersections on the friction surface with the
Hertzian contact and the resulting work-hardening rate.

In summary, the influence of scanning strategy on the microstruc-
ture and its tribological properties for Ni-based superalloys made by
L-PBF has yet to be covered in the literature. This study has two
main objectives. The first one is to assess the relationships between
the scanning strategy and the microstructure. With the additive man-
ufacturing process, changes of morphological and crystallographic tex-
tures. And the second one is to understand the relationships between
those microstructures and the corresponding tribological behavior. The
resulting microstructure is characterized by an X-ray diffractometer
(XRD) and a range of observation techniques. Wear characterization is
based on the wear volume, and the wear track, wear particles, and the
wear surface cross-section are further analyzed with a scanning electron
microscope (SEM) equipped with an energy dispersive spectroscopy
(EDS) and backscattered electron (BSE) detector.

2. Materials and method

2.1. ABD-900AM processed by L-PBF

ABD-900AM powder was prepared by Ar-gas atomization. The sup-
plier provides the powder size and chemical composition (Aubert &
Duval®). The particle size distribution is D10 = 18.6 μm, D50 = 31.8 μm
and D90 = 54.3 μm. The chemical composition is in Table 1.

The L-PBF machine used to build the parts is an SLM 125HL from
SLM Solutions. During the fabrication, the steel substrate was preheated
to 200 ◦C to reduce thermal stresses, and an argon protective gas was
used to maintain the quantity of oxygen below 0.2%. The samples used
in this study are parallelepipeds of 15 ∗ 15 ∗ 5 mm3. They are processed
with the parameters in Table 2.

The samples were constructed vertically using a bidirectional scan-
ning pattern and without interlayer rotation. The angle between the
scanning direction and the tribological studied plane (YZ) is modified
to generate different crystallographic and morphological textures. The
three angles under consideration are 0◦, 45◦, and 90◦. The samples pro-
duced with these angles will be designated AX-Y, with X representing
the scanning angle and, if necessary, Y denoting the test number. All
characterizations and tests are conducted on the samples in their as-
built state. Fig. 1 illustrates the schematic representation of the printed
parts following the three scanning strategies.
2 
Fig. 1. Schematic representation of the different building strategies. The reference
plane for conducting microstructural characterization and tribological tests is in red.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

2.2. Microstructural characterizations

Different techniques can determine the relative density of addi-
tive manufactured metals. The most common are image analysis, the
Archimedes method, and X-ray imaging [26]. Image analysis is used
for this study because it allows us to distinguish every type of de-
fault, measure their size, and classify them. The relative density was
calculated using image analysis with the ImageJ free software. Before
image analysis, the samples were polished until OPS (Oxide Polishing
Suspension) and observed with an optical microscope. Each result of
relative density is based on the measurement of 10 images, each with
a size of 0,78 × 0,66 mm2. With these measurements, we consider every
element not part of the based material: porosities, cracks, and phases
like aluminum oxides.

For metallographic observations, the samples were mounted,
grounded, and then electrolytically etched with 10% oxalic acid at
room temperature under 3 V DC for 3 s to 10 s, following the size of the
surface to etch. The sections were observed using an optical microscope
Olympus PMG3 and SEM from ZEISS EVO HD15LS, equipped with an
EDS and a BSE detector, to analyze the macro and microstructures. X-
ray diffraction analysis (XRD) was conducted with a Panalytical X’Pert
MRD diffractometer equipped with a position-sensitive detector (PSD)
with a scan speed of 0,008023◦/s over 2𝜃 = 40–100◦. The source is a
copper radiation (𝜆 = 0,154056 nm, 40 kV and 50 mA) with a capillary
collimator of 500 μm and a nickel filter.

2.3. Hardness measurements and tribological tests

Hardness tests were conducted on the studied surfaces (red surface
in Fig. 1) of the samples to characterize the different scanning strate-
gies. Hardness was measured using a DuraScan of ZwickRoell with a
load of 1 kg (HV1) and a dwelling time of 10 s. 25 hardness indenta-
tions were made to obtain hardness averages and their corresponding
standard deviation.

Dry sliding tests were performed at room temperature using a
UMT TRIBOLAB of Bruker to study the tribological behavior and were
repeated three times for each scanning strategy. A picture of the
experimental device with a schematic representation of the friction
test is in Fig. 2. The device used is equipped with sensors to measure
the normal load (Fz) and the tangential load (Fx) with an acquisi-
tion frequency of 200 Hz and the tribometer software calculates the
real-time coefficient of friction (COF). Before wear tests, the samples
were mounted and mechanically grounded until paper SiC P1000 to



P.-N. Parent et al.

p
s
m
o
c
l
p
p
w
T
1
a

o
a

t

t

l
s
a
t
s

A

d
s

b

w
c

l
t
a

f

A

𝛾

Wear 564–565 (2025) 205671 
Table 3
Tribological test parameters and Hertz pressure.

Normal load Frequency Stroke length Test duration Maximal Hertz pressure

30 N 1 Hz 10 mm 3600 s 1.6 GPa

eliminate the roughness generated by the process, which can reach a
rimary profile height of up to 220 μm. The roughness after the P1000
urface finishing has been measured with an Altisurf wide-field confocal
icroscope. The measurements show that the plan has a roughness (𝑅𝑎)

f 0.159 μm before wear tests. On each sample, two tribological tests
an be performed. Consequently, two samples were prepared for each
aser strategy to conduct three tribological tests per strategy. This last
olishing step also removes the edges where a gradient of mechanical
roperties may exist. The geometrical configuration of the wear tests
as a ball-on-flat configuration with an alternating sinusoidal motion.
he balls used for tribological tests are in alumina (Al2O3) with a
0 mm diameter. The tribological test parameters and Hertz pressure
re grouped together in Table 3.

For each test, the sliding direction was parallel to the building
direction (Z axis in Fig. 1). Before the wear tests, the sample and
the ball were cleaned in ultrasonic baths of acetone and ethanol for
5 min each. To calculate the wear volume (V ), the wear surface cross-
section was measured with an Altisurf wide-field confocal microscope
and then integrated into the length of the wear track (Fig. 2b). An
ptical microscope Keyence VHX-6000 visualized the antagonists right
fter the tests, with the particles still present on the counter bodies.

The chosen wear indicator for the ball is the wear volume (𝑉𝑏).
Based on optical micrographs acquired with the Keyence VHX-6000,
the calculation of the wear volume involves the dimensions of the 2D
projection of the ball’s wear track which are also used to calculate
the worn height (ℎ𝑢) of the ball. This calculation relies on two strong
assumptions. The first is that the wear track is perfectly flat, and the
second is that the wear track is perfectly circular. However, in reality,
the wear track exhibits a radius of curvature greater than that of the
unworn ball, as previously reported in the literature [27]. Additionally,
he radius is not equivalent along the transverse and longitudinal

directions relative to the sliding direction. Furthermore, the morphol-
ogy of the wear track in a reciprocating motion configuration can be
either circular or elliptical, as observed in various studies [27–30].
To account for the evolving morphology of the wear track, Whitenton
and Blau [30] proposed Eq. (1) to calculate the worn height, which
incorporates the minor and major axes of the wear track.

ℎ𝑢 = 𝑟 −

√

𝑟2 −
𝐿𝑥 ∗ 𝐿𝑦

4
(1)

Here, r is the radius of the ball, while L𝑥 and L𝑦 represent the minor
and major axes of the ball’s wear track, respectively. According to the
same authors, the wear volume of the ball (𝑉𝑏) can be determined using
Eq. (2):

𝑉𝑏 =
𝜋 ∗ ℎ2𝑢 ∗ (3 ∗ 𝑟 − ℎ𝑢)

3
(2)

3. Results & discussion

3.1. Microstructure characterizations

The relative density of the as-fabricated samples is investigated for
each scanning strategy (Table 4). The relative density is high (>99%)
for all the samples meaning that all the samples are almost dense.

To investigate the microstructure, the reference planes were ob-
served with an optical microscope after etching and with an SEM before
and after etching (Fig. 3) for each scanning angle.

The observations made with the optical microscope indicate that
he shape of the melting pool is dependent on the scanning strategy
3 
Table 4
Relative density of the parts for the three scanning strategies.

Scanning strategy Relative density (%)

A0 99,8 ± 0,1
A45 99,8 ± 0,1
A90 99,9 ± 0,1

employed. As the melt pools are aligned with the laser direction, their
ongitudinal and cross-sectional areas appear in the reference plane of
ample A0 and samples A45 and A90, respectively. The fusion baths
re asymmetrical for sample A45 due to the angle of the lasering with
he reference surface. For the A45 and A90 strategies, the cellular
tructure is coarser between the melt pools. In this region, the cells are

predominantly equiaxed for the Ang45 strategy and columnar for the
ng90 strategy.

The SEM images acquired with the BSE detector before etching
emonstrate the presence of distinct grain structures for the three
canning angles. The A0 (Fig. 3d) and A45 (Fig. 3e) strategies display

grains exhibiting minimal epitaxial growth, with the A0 grain structure
being more refined than that observed in A45. Fig. 3f illustrates that the
A90 sample predominantly comprises columnar grains aligned with the
uilding direction. The observations made at higher magnification after

etching permit an assessment of the fine microstructure that developed
during solidification. The A0 part (Fig. 3g) comprises equiaxed cells,

hile the A45 part (Fig. 3h) mainly comprises equiaxed cells and some
olumnar cells. A90 (Fig. 3i) comprises columnar cells and equiaxed

cells. These observations show a strong relation between the scanning
angle and the macro/microstructure developed, from the cell scale to
the melting pool scale.

SEM analysis at high magnification, shown in Fig. 4, was con-
ducted to characterize the phases present in the microstructure. It
mainly comprises equiaxed cells and Laves phase in the intercellu-
lar regions, resulting from the microsegregation during solidification.
The microstructure consists of submicronic circular particles mainly
dispersed in the intercellular areas. A recent study on ABD-900AM
of Tang et al. [31] shows that these particles are primarily MC-type
carbides rich in Ti/Nb/Ta, alumina oxides, borides, and sulfur but
in a much lower quantity. They also used STEM-EDS to evaluate the
chemical composition of the cell boundaries, and they measured a clear
segregation of Ti, Ta, and Nb, showing a slight trend close to the noise
level. The three scanning angles have the same phases: cells with Laves
phase and submicronic particles in the intercellular regions.

3.2. Phase analysis

XRD measurements have been carried out to understand the pref-
erential texture developed during the L-PBF process. Based on Bragg’s
aw, diffraction peaks correspond to the crystallographic planes parallel
o the surface; the texture can be approached if there is one intense peak
nd the others almost off.

The XRD measurements in Fig. 5 show the diffraction peaks of the
𝛾 (Ni-Cr-Co) matrix. It is well known in literature that the matrix has a
ace-centered cubic (fcc) crystallographic structure [32]. The diffrac-

tion peaks of the 𝛾 ’ precipitates with an L12-ordered face-centered
cubic (fcc) crystal structure are not detectable at the as-built state
in the range observed and are not supposed to be detected. Indeed,
other studies showed that 𝛾 ’ is not present in the as-built state for the

BD-900AM [12,31].
The A0 and A90 samples have a strong texture along the 𝛾(200)

plane, while A45 has a 𝛾(111) texture. The result of A0 is unusual if
we refer to the literature existing on Ni-based superalloys fabricated
by L-PBF [33,34]. According to these authors, the texture expected is
(101). The samples were printed on the same plate with the same laser

parameters; the reason for this unusual texture may be attributed to
the part geometry, which is rectangle. Scanning vectors of A90 being
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Fig. 2. Illustrations of (a) the experimental device and schematic representation of the tribological test and (b) schemas for measuring the length of the wear track and the area
of the wear track cross-section.

Fig. 3. Microstructure of the parts observed with an optical microscope (a) A0, (b) A45, (c) A90, with SEM-BSE before etching (d) A0, (e) A45 and (f) A90 and with SEM-SE
after etching (g) A0, (h) A45 and (i) A90.
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Fig. 4. Microstructure at high magnification of the ABD-900AM part at the as-build
state.

shorter than A0 (Fig. 1) implies that A0 and A90 adjacent passes have
different heat cycles, which may affect the heat flow and drive the grain
growth. For example, for the A0 sample, one laser track lasts 20 μs,
against 7 μs for A90. The laser scanning tracks being bidirectional, the
time for the laser to return close to the departure point considered in
this example and to partially recast the previous track is 40 μs for A0
and 14 μs for A90. However, this phenomenon is not of prime interest
to this study because the L-PBF process is used to generate reference
microstructures.

In conclusion, the microstructural observations and the phase anal-
ysis show that the scanning angle alters the microstructure at different
scales, creating morphological and texture anisotropies. The following
parts will focus on the correlation between these microstructures and
their resulting hardness properties and tribological behaviors.

3.3. Hardness properties and wear tests

3.3.1. Hardness measurements
Hardness tests with a load of 1 kg have been conducted to see if

the microstructure difference affects the hardness values. The hardness
measured for A0, A45, and A90 are 337 ± 12 HV, 337 ± 7 HV,
and 327 ± 7 HV, respectively. The measurements are very close to
each other: the microstructure differences do not impact the hardness
for this load. The hardness value is related to the atoms in solid
solutions (Co, Cr), the carbides in the interdendritic regions, and the
fine microstructure induced by the L-PBF process.

3.3.2. Analysis of wear and friction
Fig. 6 shows the wear volume for the different scanning angles and

the real-time coefficient of friction of A0-3.
The plate wear volume (Fig. 6a) for A0, A45 and A90 are 0.60 ±

0.12 mm3, 0.81 ± 0.15 mm3 and 1.00 ± 0.09 mm3, respectively.
The wear results show a trend between the material removal and the
scanning angle. The same trend is observed with the ball wear volume,
presented in Fig. 6b. The previous crystallographic texture analysis
showed that A0 and A90 exhibit a common 𝛾(200) texture (Fig. 5).
Moreover, hardness measurements did not permit the dissociation of
the different scanning strategies. Thus, the texture approached by phase
analysis and the hardness do not permit an explanation of the difference
in wear resistance.

The real-time coefficient of friction proposed in Fig. 6c shows three-
time phases: P1, P2, and P3. P1 is characterized by a strong amplitude
of oscillations that could be related to the emission and circulation of
particles in contact. P2 presents an increasing COF with a decrease
in the amplitude of macro and micro oscillations. The last phase, P3,
shows a reduction and a stabilization of the COF value. The beginning
of the decrease of phase P3 is observed for six of the nine tests
conducted, and it is believed that with a longer test duration, the
5 
reduction and the stabilization might appear for the three remaining
tests.

The time of this decrease versus wear volume is reported in Fig. 7.
To visualize the wear volume value of every test, the tests for which the
decrease did not appear during the tribological tests were set at 3600 s
and marked with a cross. The others are labeled with a full circle. For
the results marked with a circle, the scanning angle A0 has the shortest
times, followed by A45 and A90. The scanning angle impacts the time
entrance of P3, but it is hard to conclude its impact on the final wear
volume. Noticeably, all the tests marked with a cross have a higher
wear value compared to the other tests with the same scanning strategy
and marked with a full circle. During the P3 phase, the evolution of
wear mechanisms and the emission and circulation of particles in the
contact is believed to stabilize.

Fig. 8 shows the real-time coefficient of friction and the real-time
penetration depth of the ball holder for the three scanning angles. The
real-time coefficients of friction show that A0 is the more perturbed in
the P1 phase, with high time fluctuation in the P2 phase. Fluctuations
are also detectable for A45 and A90 in the P2 phase but with higher
frequency. The real-time penetration depth of the ball for the three
scanning angles, presented in Fig. 8d, also shows different trends. P1
shows high wear, and instabilities are detectable between the beginning
of the test and 1000 s following the scanning angle: A0 is the part that
has the most instabilities, followed by A45 and A90. The instabilities
on the coefficient of friction, the penetration of the ball holder, and the
high time fluctuations are linked to the ability of the parts to form their
debris and the repeatability of the mechanisms.

After the tests, samples were observed with an SEM-BSE to quantify
by image analysis the percentage of oxide layers on the surface of the
wear tracks. The acquisition was made at the middle of the stroke
length and took all the wear track’s width, as shown in Fig. 9.

It is a simple approach to highlight a trend, but it does not con-
sider the different characteristics of the oxides: their nature, oxygen
concentration, dispersion, and size. The percentage of oxide layers on
the surface decreases with the increase of the scanning angle. The
percentage of oxide layers on the surface for A0, A45 and A90 are
35 ± 8%, 31 ± 5% and 25 ± 5%, respectively. It is related to the
scanning angle and the wear volume. The oxides formed on the wear
track had a lubricant effect and reduced the wear of the samples. The
high amount of oxide layers reduces the metal/ceramic contact. Fig. 10
shows the percentage of oxide layers on the surface for each test. A
strong trend exists between the scanning strategy, the percentage of
oxide layers on the surface, and the wear volume. However, there is no
clear link between the beginning of the P3 phase and the amount of
oxide layers on the surface.

3.3.3. Characterization of worn surface
The analysis of the wear tracks of L-PBF parts characterized by the

SEM focused on identifying and interpreting wear mechanisms detected
for each sample. For every wear test, observations were made in the
center, the edges, and at the end of the wear tracks. To avoid confusion,
the terms particles and debris are defined as follows. A particle is matter
made up of one or more antagonists, with or without reaction with the
environment, and which has not been definitively ejected from the wear
track. Debris, or wear debris, has the same definition as a particle from
a material point of view, but has been definitively ejected from the wear
track.

The worn surface of the two first bodies was investigated at different
scales: with an optical microscope to observe the wear particles right
after the tests for both antagonists and with an SEM for the L-PBF parts
to assess the wear mechanisms. The worn surfaces after the wear tests
are shown in Fig. 11. On the L-PBF parts, the particles detached from
the two first bodies are mainly ejected at the end of the wear track
and on the edges. However, A0 particles demonstrate more freedom of
mobility. On the contrary, A45 and A90 particles are trapped at the end
of the wear track. This phenomenon is due to the particle’s aggregation,
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Fig. 5. (a) Phase analysis of the ABD-900AM parts for A0, A45, and A90 and (b) theoretical diffractogram for a non-textured CFC material.
Fig. 6. Wear and friction results from tribological tests. (a) Wear volume of ABD-900AM parts, (b) ball wear volume and (c) real-time coefficient of friction of A0-3.
which is more significant for A45 and A90 than A0. Due to different
oxidation, the particles at the end of the wear track are darker than
the particles on the edges. The particles were mainly ejected out of the
track during the wear tests. Only some patches of oxides are seen in the
wear track. The balls present black adherent particles that are oxidized
metallic particles.

Fig. 12 shows a part of the bottom of the wear track. The L-PBF part
presents material plastic flow and shear bands out of the wear track
due to the high pressure induced by the contact and the ability of the
material to accommodate the load. The presence of shear bands ensures
that the displacement of dislocations is possible over large distances
and contributes to the accommodation of plastic deformation. The BSE
detector highlights black particles in the wear track (Fig. 12a,c). EDS
analysis made on one of these particles, exposed in Table 5, showed
6 
that these are alumina particles embedded in the wear track. The
quantity of these alumina particles implies that they come from the
alumina ball, not the alumina present at the as-fabricated state. A
higher magnification of the view of the wear track (Fig. 12b) shows
cupules, a sign of the ductile rupture of a particle due to tensile and
shear stresses. The cupules are only observed at the top and bottom of
the wear tracks. Fig. 12d shows the ball wear track. The surface exhibits
transferred layers composed of particles that have been compacted
in the contact. The wear track also shows the granular structure of
the alumina ball. Micrometer-sized grains are composed of facets with
sharp edges and can act as abrasive asperities, similar to a rapier.
The ball is damaged through grain detachment, contributing to the
formation of the third body.

The side track in Fig. 13 shows a particle of 50 μm width and 120 μm
length detached from the wear track. This type of particle is expected
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Table 5
Identification of a particle embedded in the wear track by chemical analysis.

Elements O Al Ti Cr Co Ni Nb Mo W

Spectrum 1 (% at.) 58.08 35.18 0.26 1.76 1.51 3.22 – – –
Spectrum 2 (% at.) 35.35 3.84 1.75 12.47 12.81 31.42 0.7 0.87 0.79
Table 6
Chemical analysis of the oxide layers observed on the wear tracks Fig. 15.

Elements O Ni Co Cr Al Ti Nb Mo Ta W

Fig. 15a (% at.) 58.36 21.32 8.2 7.19 2.27 1.06 0.45 0.47 0.22 0.46
Fig. 15b (% at.) 38.11 31.85 12.26 10.73 3.24 1.57 0.58 0.66 0.32 0.69
Fig. 7. Wear volume as a function of each test’s time of COF decrease. The tests
without P3 are set at 3600 s and marked with a cross.

to be the particles observed after the wear test on the sides of the
wear track with a gray color. The particle’s surface is partially oxidized,
meaning that these particle circulated in the contact.

The characterization of the wear track center in Fig. 14 shows
grooves parallel to the sliding direction, a sign of abrasive wear. The
ductile behavior of the material implies that the grooves made by a
harder particle, such as oxidized particles or alumina, lead to plastic
deformation of the surface but not necessarily to the formation of a
particle. The oxides present in the wear track are either in patches or
elongated along the sliding direction. Cavities with sizes ranging from
submicronic to a few micrometers were observed on the surface, as
shown in Fig. 14b. The picture at higher magnification indicates that
the biggest cavities are filled with particles, so they did not appear at
the end of the test but occurred during sliding. These cavities show a
lack of cohesion at the extreme surface and may be formed due to the
accumulation of plastic strain.

The oxides observed in the wear track, mainly at the top and
the bottom, do not have a constant chemical composition, as seen in
Fig. 15 with the SEM-BSE images and chemical analysis which is shown
Table 6. This difference in oxygen content may also be due to the oxide
layer thickness.

The first type of oxide detected (Fig. 15a) has the highest oxygen
content. The surface of the oxide is composed of a smooth layer with
various cracks. Some cracks are wavy, while others are sharper and
straighter. The image of a straight crack at higher magnification (top
right corner of Fig. 15a) shows that the edges of the crack are sharp
and that no debris is trapped inside. This kind of crack occurs at
the end of the test due to the difference in the coefficient of thermal
expansion. The wavy crack forms come from the ball’s motion on the
plate. The ball-induced stresses are compressive in the front of the
contact and tensile at the back of the ball. The oxides have a brittle
behavior, which explains the formation of these cracks. The other kind
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of oxide detected on the surface (Fig. 15b) had lower oxygen content,
probably due to its thickness. A smoother surface and fewer cracks
characterize it. The lower amount of oxygen in this layer may reduce
its fragile behavior and thus explain why fewer cracks are detectable.
Both layers are composed of small oxidized metallic particles with a
spherical shape that are aggregated, compacted, and laminated under
the pressure induced by the ball. The smooth texture shows their load-
bearing capacity concerning the zones composed of spherical particles.
The particles’ size and spherical morphology suggest that these particles
circulated in the contact. The oxides detected imply that oxidative wear
occurs.

3.3.4. Wear debris
The wear debris of each scanning angle was investigated with the

SEM. The examination of the wear debris focused on the nature of the
debris observed.

Fig. 16 shows that wear debris can be classified into two types:
oxidized debris in gray and non-oxidized debris in white. Debris are
mainly composed of oxidized debris with a plate-like morphology. An
acquisition at a higher magnification of the wear debris is shown in
Fig. 17. The first type of oxidized debris (Fig. 17a) has a plate-like
morphology. It comprises submicronic metallic debris that have been
oxidized, agglomerated and compacted in the contact with a thickness
of a few micrometers. The limited thickness observed shows that the
agglomerated particles tend to have critical thicknesses before ejection
from the contact. The wear oxidized debris observed for the different
scanning angles have the same features: an accumulation of debris with
a smooth or rough surface. The oxides in Fig. 15a were observed only
once out of all the debris observations, shown in Fig. 17c. The debris
did not have straight cracks formed at the end of the test. This implies
that the ejection of these oxides out of the wear track is limited. Once
they are spalled off, they must be fragmented into smaller particles.
It is confirmed that the black debris observed with the numerical
microscope in Fig. 11c is oxidized debris. The other type of debris
(Fig. 17b) differs in its morphology, which looks like an agglomeration
of smaller debris. Its shape lets us suppose that these debris have been
created by accumulating smaller particles stocked together and pushed
out by the ball. The debris detached from the wear track have a plate-
like morphology (Fig. 17d) and correspond to the white debris Fig. 16.
The surface shows abrasion marks and plastic deformation and contains
embedded alumina particles. Alumina particles are not coherent with
the surrounding material because the crack tends to go around the
alumina particles (Fig. 17e).

3.3.5. Cross-section worn surface
The SEM technique was used to characterize the cross-section worn

surface. The pictures in Fig. 18 show the typical features observed from
the cross-section of each scanning angle. A plastic flow of almost 10
micrometers under the worn surface is observable. This plastic flow is
viewable thanks to the load-induced deformation of the cells and the
surrounding Laves phase.

The ball motion imposes the plastic flow and is expected to be
along the same vector. Fig. 18a highlights a plastic flow in the same
direction as the last ball motion; however, Fig. 18b also presents a



P.-N. Parent et al. Wear 564–565 (2025) 205671 
Fig. 8. Real-time coefficient of friction of (a) A0, (b) A45, (c) A90, and (d) penetration depth of the ball for the three scanning angles.
Fig. 9. SEM-BSE image of the wear track’s center.

plastic flow in the opposite direction. This may be due to a protective
layer accommodating all the load and velocity or because the surface
of the deformed layer was not in contact with the ball during its last
motion. Fig. 18a presents an oxide layer with a crack perpendicular
to the sliding, which leads to a pore and is free of particles. This
crack is believed to be one of the cracks observed on the worn surface
Fig. 15. Another crack parallel to the worn surface is also visible. It
shows the delamination of a particle one micrometer thick. Fig. 18b
shows a layer, where the Laves phase is almost totally dissolved. This
deformed layer is not present in all the lengths of the wear track, and its
thickness ranges from less than a micrometer to 4 μm. The same pores
are observed in 18a and Fig. 18b. The lack of pores inside the bulk and
8 
Fig. 10. Influence of the scanning angle on the wear volume of each test according
to its percentage of oxide layers on the surface.

under the friction surface implies that these pores were formed due
to the wear tests. Slip bands are detectable under the friction surface
(Fig. 18c) down to almost 10 μm and with an angle of ±45◦ with the
friction surface.

At the top of the deformed layer Fig. 18b,c a hollow indicated
by a yellow arrow shows a particle detached from this layer. These
layers, therefore, appear to be a source of particle production. The
repeated motions of the ball over this layer incrementally increase the
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Fig. 11. Worn surface of the plate (a–c) and the ball (d–f) before cleaning for (a),(d) A0, (b),(e) A45 and (c),(f) A90.
plastic strain of the layer, which eventually reaches a local critical
strain rate that leads to the formation and propagation of a crack
parallel to the sliding direction and finally to the delamination of
a particle [35]. Other researchers who worked on 316L and Inconel
718, showed that the main deformation mechanism in L-PBF parts is
governed by dislocation motion, whose movement is blocked by the
dislocation network present in the as-built state [36,37]. The particle is
then emitted into the wear track and is either ejected permanently from
the wear track or laminated and fragmented by the repeated motions
of the ball. Cross-sectional observations suggest that the abovemen-
tioned process mainly governs particle emission from the superalloy
plates. Establishing an oxidized layer on the deformed layer would
protect it and reduce wear on the part, as it has been observed by
Zurcher et al. [38] on Inconel 718 manufactured with the Laser Metal
Deposition process. Thus, the difference in wear resistance according
to the scanning strategy could be linked to the oxide layers on the
plate’s wear track. The morphology of the cells and the homogeneity
of the cellular structure may also contribute to maintain this protective
layer on the wear track by the strengthening it brings to the matrix.
Thus, the homogeneous equiaxed cellular structure of the A0 strategy
results in the lowest wear, followed by the A45 strategy, which has a
similar morphology but a coarser cellular structure between its melt
pools. Finally, the A90 strategy features a cellular structure that is also
coarser between its melt pools, but with a columnar structure. This size
heterogeneity within the melt pools leads to reduced wear resistance,
and the columnar cell morphology appears to be more detrimental than
9 
an equiaxed morphology, which explains the wear difference between
A45 and A90.

4. Conclusion

This study explores the wear behavior of parts built with a spe-
cific building strategy, focusing on the real-time coefficient of friction
and the identification of wear mechanisms. The main conclusions are
reported as follows:

1. The ABD-900AM microstructure obtained with the L-PBF pro-
cess for three scanning angles (0◦, 45◦, and 90◦) consists of a
dense material with grain structure evolution from equiaxed to
columnar. The crystallographic texture is related to the scanning
angle, with a texture of 𝛾(200), 𝛾(111) and 𝛾(200) for A0, A45
and A90, respectively.

2. The plate wear volume for A0, A45 and A90 are 0.60 ±
0.12 mm3, 0.81 ± 0.15 mm3 and 1.00 ± 0.09 mm3, respectively.
The wear volume strongly depends on the scanning angle and
is related to the percentage of the oxide layers on the surface.
The strengthening brought by the homogeneity in the cellular
structure contributes to maintain the oxide layers.

3. The real-time coefficient of friction shows three distinct phases
associated with an evolution of wear mechanisms during the
sliding test. All the parts were worn according to the same wear
mechanism, the abrasion.
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Fig. 12. SEM observations of the bottom of the wear track. (a) BSE imaging, (b) SE image at higher magnification of the cupules, (c) particle embedded in the wear track and
(d) ball wear track observed with BSE.

Fig. 13. SEM-BSE observation of a particle detaching from the edge of the wear track.
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Fig. 14. SEM-BSE observation of the wear track center at (a) low magnification and (b) high magnification.

Fig. 15. SEM-BSE observation of oxides in the wear track. (a) and (b) two layers of oxides.

Fig. 16. SEM-BSE observation of the wear debris.
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Fig. 17. SEM observation of (a),(b),(c) oxidized spherical debris agglomerated (d),(e) plate-like debris detached from the plate.
Fig. 18. SEM observations of the cross-section worn surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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