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Abstract
In this study, the correlation between the microstructure and tribological performance of Sc and Zr-modified Al–Mg alloy 
(Scalmalloy®) samples produced via laser powder bed fusion process was evaluated via a dry sliding Pin-on-Disc wear test 
under different planes, directions, and various normal applied loads. The results revealed a remarkable dependency of wear 
properties on the as-built microstructure so that different behaviors were observed along the scanning and building planes. 
The microstructural examination indicated the presence of bi-modal grains and finely shaped equiaxed grains observed in 
the building and scanning planes, respectively. Increasing the applied loads from 20 to 40 N led to a significant increase 
in the coefficient of friction (COF) while increasing the load from 40 to 60 N, slightly decreasing the COF for the studied 
samples. No dependency was found between the COF and the corresponding microstructure at the highest applied load. The 
anisotropic wear resistance and COF values were predominant at the lowest applied load. Due to tailored as-built micro-
structural features and different microhardness values, lower wear rates were noticed along the scanning plane for all applied 
loads. Under the 20 N applied load, however, the worn surface of the scanning plane showed a clearer and smoother surface 
compared to the building plane surfaces. Ultra-fine equiaxed grains along the scanning plane and columnar grains along the 
building plane were determined as the main factors creating anisotropic tribological behavior. The outcomes of this study 
can pave the way toward producing more wear-resistant surfaces and developing components for critical wear applications 
in as-built conditions with no need for expensive and time-consuming surface treatments.

Keywords  Additive manufacturing · Laser powder bed fusion · Scalmalloy® · Anisotropy · Dry sliding wear · Coefficient 
of friction

1  Introduction

Metal additive manufacturing (AM) introduces a new per-
spective for manufacturing in different industries [1, 2]. The 
benefits of metal AM processes include but are not limited 
to the toolless and modeless manufacturing of complicated 

geometries with low-volume raw material consumption [3, 
4]. Decreasing the assembly steps, eliminating weld joints, 
and building several components into one integrated part 
can be considered the other advantages of the metal AM 
processes [5, 6]. During the past decade, laser powder bed 
fusion (L-PBF), also known as selective laser melting (SLM) 
together with the electron beam melting (EBM) method, 
are two well-known PBF methods receiving much attention 
from the academia and industry [7, 8]. In the L-PBF method, 
to obtain integrated parts, a laser is used as a heat source to 
melt a thin metal powder layer spread by a recoating roller 
onto a building platform [9, 10]. It is well documented that 
microstructure type and properties of as-built L-PBF parts 
mainly depend on the thermal history involved in the process 
due to rapid solidification (105–107 K/s) [11, 12]. This exotic 
thermal history can be attributed to process parameters such 
as laser power, laser scanning speed, hatching distance, scan 
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strategy, building platform temperature, and layer thickness 
[13–15]. L-PBF technology has proven to be a reliable and 
promising metal AM technology, ensuring the industrial and 
end-user quality of complex parts with a novel industrial 
design [16, 17]. According to European Union (EU) laws, 
the automotive sector must significantly decrease automo-
bile weight to reduce harmful emissions and increase fuel 
efficiency from 2025 to 2030 [18]. As a general guideline, 
fuel savings of 4% may be accomplished by lowering the 
vehicle’s mass by 10% [19]. To address this requirement, 
L-PBF can be proposed as a promising solution in which 
engineering components can be produced by light alloys and 
designed by topology optimization rules to achieve a light-
weight product at a lower cost.

Therefore, L-PBF of high-performance aluminum alloys 
with high structural integrity and low density is being 
increased to replace ferrous components, especially in the 
transportation industries [20]. In contrast, aluminum struc-
tural components made by conventional manufacturing 
methods such as casting, extrusion, and powder metallurgy 
(PM) have coarser grains and less desirable mechanical 
properties than their L-PBF counterparts [21, 22]. Accord-
ingly, additive manufacturing of aluminum alloys in the 
transportation industries is prevalent not only for producing 
lightweight components with design freedom but also for 
peculiar microstructure and reliable mechanical properties. 
These key factors made aluminum alloys known as the third 
most studied L-PBF metal [23, 24]. Despite the mentioned 
advantages, L-PBF of aluminum alloys suffers from some 
challenges, including a somewhat difficult flow of a few 
microns of powder layer, high laser power due to low laser 
energy absorption and high thermal conductivity, poor wet-
tability due to the formation of thin oxide layers around the 
molten pool of successive layers [25, 26].

Notwithstanding former challenges, adding rare earth 
elements such as scandium (Sc) and zirconium (Zr) to alu-
minum alloys gained much interest due to their significant 
chemical stability and higher mechanical strength [27]. The 
underlying challenges experienced during the L-PBF pro-
cessing of aluminum alloys, along with the positive effects 
of Sc and Zr addition, led to the compositions designed 
explicitly for L-PBF, i.e., Scalmalloy® RP [28] and Addal-
loy® 5T (an Sc-free Al–Mg-Zr ternary Al alloy) [29, 30]. 
Scalmalloy® was officially invented in 2007 by Airbus 
Group APWorks GmbH, Germany, in cooperation with Air-
bus Group R&D as a new Sc- and Zr-modified Al–Mg alloy 
optimized for L-PBF processing. Scalmalloy® is as light as 
the well-studied AlSi10Mg aluminum alloy but has more 
microstructural stability at higher temperatures with better 
corrosion resistance while being featured with ductility and 
strength close to Ti6Al4V alloy at the same time [31]. There-
fore, it can be considered an excellent candidate to utilize in 
the transportation industry. In recent years, microstructural 

features and mechanical properties of Scalmalloy® pro-
duced by L-PBF have been widely investigated. In 2011, 
Schmidtke et al. [32] reported excellent processability for 
L-PBF Al–Mg alloy containing Sc and Zr (Al-4.5Mg-0.7Sc-
0.4Zr-0.5Mn) for the first time. Another study by Spierings 
et al. [33], who successfully produced dense Scalmalloy® 
samples via the L-PBF process, reported an inhomogeneous 
microstructure featured by columnar grains inside the melt 
pool (MP) and fine equiaxed grains along the MP boundaries 
(MPBs). In another research, Awd et al. [34] reported that 
the fatigue and tensile strength of Scalmalloy® produced by 
L-PBF and laser metal deposition (LMD) were higher than 
AlSi10Mg. Recently, Muhammad et al. [35] reported that 
L-PBF Scalmalloy® could be considered a highly fatigue-
resistant alloy with the highest tensile strength among the 
investigated aluminum alloys. Interestingly, Spierings et al. 
[36] revealed that the microstructure of L-PBF Scalmal-
loy® was not affected significantly by post-heat treatment 
and preserved its as-built mechanical properties even up to 
300 °C due to the presence of particles that are pinning the 
grain boundaries. Therefore, as-built mechanical proper-
ties of L-PBF Scalmalloy® at room temperature, such as its 
dry sliding wear performance, are essential and should be 
addressed deeply.

Notably, wear is not an intrinsic material property but 
depends on a tribological system. During its service, a com-
plex part may undergo substantial loading and friction in 
different angles and planes concerning the AM building 
direction. On the other hand, in aluminum alloys, anodiz-
ing is widely used to improve wear resistance and corro-
sion protection. However, due to the high geometrical 
complexity often observed in the AM parts and the limited 
access to all surfaces, traditional surface treatment such 
as coating or sandblasting may be challenging and faced 
with difficulty [37–39]. Therefore, the as-built wear proper-
ties of 3D-printed aluminum components must be deeply 
addressed. Thus, for reducing the whole manufacturing steps 
and removing post-processing procedures, saving time, cost, 
and energy, modifying the microstructure of as-built addi-
tively manufactured parts appears to be a viable strategy 
[40].

Consequently, the profound effect of L-PBF as-built 
microstructure on the wear behavior of additively manufac-
tured alloys has been investigated in the literature. Zhang 
et al. [41] revealed that scan speed significantly impacts the 
wear behavior of Al–Mg-Sc-Zr alloy. Enhanced wear per-
formance and higher microhardness were reported in their 
work, thanks to the precipitation of the coherent Al3(Sc, Zr) 
phase when the laser scan speed was decreased. Tocci et al. 
[42] demonstrated that the additively manufactured Scalmal-
loy® exhibited a lower wear rate (0.9 × 10−3 mm3/N·m) after 
the same sliding distance in comparison with the widely 
studied AlSi10Mg alloy (1.80 × 10−3 mm3/N·m) produced 
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by the same technology [43]. Moreover, they showed an 
adhesive wear mechanism after annealing treatment (325 
°C for 4 h) via formation and fragmentation of the oxide 
layer by increasing sliding distance, which was predominant 
in Scalmalloy®.

Although it has been shown that Scalmalloy® is an 
isotropic alloy in terms of its tensile strength [32], studies 
addressing the anisotropic wear performance of this alloy 
along the building and scanning planes are seldom in the 
literature. Some published studies reported that the as-built 
microstructure of L-PBF alloys showed anisotropy in their 
wear properties. In different scan strategies, Mishra et al. 
[44] showed anisotropic wear behavior at the scanning and 
building planes of the additively manufactured AlSi10Mg 
alloy. Their study showed that the best wear rate and coef-
ficient of friction (COF) values in the building plane with the 
island scan strategy are achievable instead of the continuous 
scan strategy. Yang et al. et al. [45] revealed a microstruc-
tural-induced anisotropic wear behavior in three different 
surfaces (top, front, and side) of the L-PBF 316L stainless 
steel sample produced via a zigzag scanning strategy. The 
authors found that wear anisotropy was predominant under a 
low applied load, and the best wear resistance was achieved 
on the side surface perpendicular to the columnar grains 
axis. In another study, Bahshwan et al. [46] showed that 
the wear rate of L-PBF 316L stainless steel decreased by 
increasing the applied loads citing the work-hardening effect. 
Besides, they found that L-PBF process-induced porosities 
did not profoundly affect the wear resistance, and high angle 
grain boundaries’ interactions in contact area played a vital 
role in wear performance even at equal hardness values.

Nevertheless, according to the literature review, there is 
no specific study on the microstructural-induced anisotropic 
tribological properties of Scalmalloy® produced via L-PBF. 
As a result, it is critical to establish the effect of the as-
built microstructure on the microhardness and wear resist-
ance, significantly contributing to the service performance 
of as-built L-PBF Scalmalloy®. Thus, this work aims to 
fill the mentioned research gap and unveil the anisotropic 
wear behavior despite isotropic tensile properties of L-PBF 
Scalmalloy®. To this aim, scanning and building planes and 
different directions were chosen. The relationship between 
optimum L-PBF process parameters, the resulting micro-
structure, and wear resistance under different applied loads 
will be discussed further. Moreover, the following sections 
will investigate the remarkable effects of microstructural 
aspects on the COF and wear mechanisms. Findings in 
this study pave the way for a better understanding of the 

microstructural effects on the tribological properties of as-
built L-PBF Scalmalloy®, which can be advantageous in 
the design for additive manufacturing (DfAM) of industrial 
complex components subjected to complex dry sliding wear 
services.

2 � Materials and methods

2.1 � Starting material

This work used a gas-atomized spherical Sc-Zr modified 
Al–Mg Alloy powder with a particle size range of ⁓15–45 
µm as feedstock material. The nominal chemical composi-
tion of this alloy is reported in Table 1.

Figure 1 a and b show the morphology of the starting 
powder in this work. As can be seen, most of the powder 
particles are spherical and consist of some agglomeration 
and satellites on the surface of the larger particles, typical 
defects that can be revealed in the gas atomized powders.

2.2 � Sample production

This research produced cubes of 15 × 15 × 15 mm3 using an 
SLM 280 machine of L-PBF solutions. The samples were 
produced on an Al building platform using a laser power of 
500–700 W at 1200–1700 mm/s speed. During the build, 
the chamber was kept under argon gas, and each layer was 
rotated 67° concerning the previous layer (Fig. 2a). For easy 
sample removal, all the cubic samples were built on the sup-
port structures, as shown in Fig. 2b (yellow dotted line). 
Before sample production, the feedstock material was dried 
at 80 °C for 4 h to remove the possible humidity from the 
powder particles.

2.3 � Microstructural characterization

All samples were ground and mechanically polished for 
microstructural characterization and followed by etching 
using Keller’s reagent (1% HF–1.5%HNO3–1.5%HCl–30 ml 
distilled water) for 5–8 s. An optical microscope (OM) and 
a field emission scanning electron microscopy (FESEM-
MIRA3 TESCAN) were employed to identify the micro-
structural features, MPs, grain size, grain morphology, and 
worn surfaces. Besides, the energy-dispersive X-ray spec-
troscopy (EDS-SAMX) technique was utilized to perform 
elemental analysis by incorporating the standard PAP cor-
rection. Moreover, X-ray diffraction analysis (Rigaku Ultima 

Table 1   The nominal chemical 
composition of Sc-Zr modified 
Al–Mg Alloy powder

Sc-Zr modified Al–Mg alloy Sc Mg Zr Si Fe Cu Mn Zn Ti V

Composition (wt%) 0.68 4.25 0.41 0.33 0.2 0.04 0.68 0.19 0.07 0.05
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IV diffractometer with Cu-kα radiation, 40 kV and 40 mA) 
was employed using the 4° scan step size in a wide range of 
5–100° (2θ) for the phase analysis of as-fabricated L-PBF 
Scalmalloy®.

2.4 � Dry sliding wear tests

Wire electrode discharged machining (WEDM) was used to 
remove the support structure from the as-fabricated Scal-
malloy® (Fig. 2b) and then cut the as-fabricated sample 
into the nine (5 × 5 × 5 mm3) samples (Fig. 3). These tiny 
cubes were used as pins for the pin-on-disc test. The micro-
Vickers hardness test (ASTM E384 standard method) [47] 
was performed (load: 0.5 N, dwelling time: 15 s) using a 
Buehler Vickers micro-hardness tester at different mirror-
like polished sections.

According to ASTM G 99–05 standard [48], a tribom-
eter equipment (AMI Wear Test Machine) was employed to 
conduct the dry sliding wear test at room temperature in the 
air, as schematically illustrated in Fig. 4. For this purpose, 
an AISI 52100-bearing-steel disc with a hardness of 60 HRC 
was used as the counterface material. Before the wear tests, 
both counterface and pins were grounded with 1500 grit 
sandpaper to eliminate the contaminants, oxides, and the 
recast layer from the pins. All flatted-head pins were cleaned 
in an ultrasonic bath for 5 min before and after the wear test. 
Weight loss was measured by weighing the specimens (with 
10−4 g accuracy) before and after the wear test. The wear test 
equipment automatically calculated and recorded the COF 
during the whole process for each sample.

The wear tests were performed under three applied loads 
of 20, 40, and 60 N, with a constant linear sliding speed of 

Fig. 1   FE-SEM micrograph of the Sc-Zr modified Al–Mg Alloy particles used in this work: (a) spherical morphology, (b) higher magnification 
from (a)

Fig. 2   As-built Sc-Zr modified 
Al–Mg Alloy cube; a schematic 
of scanning strategy and 67° 
rotation between each layer dur-
ing the L-PBF process; b As-
built cubic sample (15 × 15 × 15 
mm3). Yellow dotted lines 
indicate support structures
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100 cm/s and a sliding distance of 2500 m. The volume loss 
parameter (Vloss) was measured according to Eq. (1):

where Mloss is the weight loss; and ρ is the density of the 
material. Accordingly, the normalized/volumetric wear rate 
can be calculated as

where L is the total sliding distance.
To make a more accurate comparison of the wear proper-

ties of all nine samples, shown in Fig. 3, the interior planes 
were chosen for dry sliding wear tests, with the exterior sur-
faces of the as-fabricated sample being ignored in this study. 
The sample designation and dry sliding wear test parameters 

(1)V
loss

= M
loss

∕�

(2)W = V
loss

∕L

are represented in Table 2. The first and the second char-
acters of the sample’s names denote the sliding planes (S: 
scanning plane and B: building plane) and direction (N: nor-
mal to building direction and P: parallel to building direc-
tion), respectively. Therefore, the SN refers to the samples 
used for dry sliding wear tests along the scanning plane and 
normal direction to the reference build direction (BD), i.e., 
Z-direction. Moreover, the BN is related to those samples 
used for dry sliding wear tests in the building plane and 
normal direction to the Z-direction. Eventually, the BP was 
considered for those samples used for dry sliding wear tests 
in the building plane and parallel to the Z-direction. The 
number on the right side of the sample name declares the 
Newton normal sliding force.

Due to the scan strategy and 67° rotation between the 
layers during the L-PBF process, an arbitrary direction (e.g., 

Fig. 3   Schematic of experiment 
design and sample designation 
for dry sliding wear tests. The 
BD arrow shows the building 
direction and colorful planes, 
indicating the dry sliding wear 
planes and directions, respec-
tively

Fig. 4   Schematic of wear 
test machine components. (b) 
Side view of (a) in XZ plane. 
(c) Contact surface in higher 
magnification of dashed region 
in the ZY plane in (a)
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normal to building direction) was considered for dry sliding 
wear tests of SN samples. However, for evaluating the aniso-
tropic tribological properties, the same dry sliding wear tests 
were performed for the building plane in different directions, 
perpendicular (BN samples) and parallel (BP samples) to the 
building direction), i.e., Z-direction.

3 � Results and discussion

3.1 � Microstructural analysis

Figure 5 shows the optical micrograph that includes some 
interior process-induced defects. In Fig. 5 a, the red arrows 
indicate small porosities (~ 10 μm) observed in the sample.

These porosities were formed due to internal gas bub-
bles trapped in the molten metal during the L-PBF of 

aluminum alloys, which could not exit from the molten 
pool due to the high solidification rate in the L-PBF pro-
cess. Hence, the formation of spherical porosities can be 
expected. Furthermore, moisture or already existing pores 
(entrapped hydrogen) in the feedstock and excess argon, 
nitrogen, and oxygen solved into the molten material may 
also promote the formation of gas porosities [49, 50].

In Fig. 5 b, some unmelted Scalmalloy® powders and 
unconsolidated materials can be seen in narrow disc-like 
lack of fusion (LOF) porosity with irregular morphology 
(~ 40 μm). These defects may be attributed to forming of 
thin oxide films in the aluminum liquid during the SLM 
processing of aluminum alloy. These double films have no 
bonding between adjacent laser tracks, and consequently, 
the trapped unmelted Scalmalloy® powder particles can 
be expected [51–54].

Table 2   Design of experiments 
and dry sliding wear test 
parameters according to Fig. 3

Sample no Plane designation Wear test direction Normal 
applied load 
(N)

SN20 Scanning plane Normal to the building direction 20
SN40 40
SN60 60
BN20 Building plane Normal to the building direction 20
BN40 40
BN60 60
BP20 Building plane Parallel to the building direction 20
BP40 40
BP60 60

Fig. 5   Optical as-polished 
micrograph of the building 
plane of the as-fabricated 
sample. (a) The red arrows 
indicate some common defects 
(pores and LOF). (b) Higher 
magnification of region R in (a); 
black arrows indicate unmelted 
powders within LOF
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A 3D optical micrograph of the as-fabricated L-PBF 
Scalmalloy® sample is shown in Fig. 6 a. Figure 6 b and 
c demonstrate the building and scanning plane microstruc-
tures at higher magnification, respectively. The layer-wise 
manufacturing and alternation of melt tracks in the build-
ing plane are manifested along with lenticular-shape (cres-
cent shape) molten pools (~ 110 μm in width and ~ 90 μm in 
depth) (Fig. 6b). It can be realized that the depth of the MPs 
is higher than the first-determined powder layer thickness 
for the L-PBF machine (30 μm). It can be attributed to re-
melting the previously solidified layers (two to three layers).

Moreover, the microstructure consists of many over-
lapped MPs depending on the defined hatch distance spac-
ing parameter (h), shown with a dashed line in Fig. 6 b. 
On the other hand, in Fig. 6 c, laser scan tracks with 67° 

rotation between layers in the scanning plane reveal higher 
width (~ 120 μm) than laser spot size, corresponding to the 
material thermal conductivity under laser exposure [55, 56].

Further investigations were performed on L-PBF Scal-
malloy® samples by FE-SEM on both scanning and build-
ing planes, as presented in Fig. 7. The results showed that 
the microstructure in the scanning plane (Fig. 7a) contained 
refined equiaxed grains arranged along the laser scanning 
path with a mean size of ~ 1–5 μm. Besides, the dashed-line 
area in Fig. 7 a shows the scanning laser path and a gradient 
in grain size from the ultra-fine equiaxed grains (UFEGs) 
at the edge (~ below 1 μm–point 1) (Fig. 7c), to the coarser 
grains at the center (~ below 5 μm–point 5) (Fig. 7b). This 
difference can be attributed to a partially higher cooling rate 
at the edge of the laser path.

Fig. 6   The optical microscopic microstructure of etched sample. (a) 
Three-dimensional demonstration of the as-built sample, (b) building 
plane, and (c) scanning plane. White arrows in (b) indicate interaction 

points of adjacent molten pools. The white arrow in (c) indicates 67° 
rotation between successive layers
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Figure 8 a shows the microstructure along the building 
plain with successive overlapping laser tracks and MPs by 
specific boundaries. Moreover, the elongated columnar 
grains (CGs) with ~ 20–40 μm long can be seen inside a 
molten pool (Fig. 8b). This grain growth resulted in mul-
tiple columnar grains being oriented toward the maximum 
thermal gradient on the top surface of the MPs [57]. Due 
to a high thermal gradient toward the surface of the MP 
and deficiency of Al3(Sc, Zr) precipitates inside the MP, the 
formation of CGs was promoted [58]. The lack of nuclea-
tion in the CGs’ region can be attributed to the Zr and Sc 
solute trapping from increasing solidification front velocities 
toward the MP surface [29].

Interestingly, many nano-sized grains and UFEGs were 
observed throughout the MP boundaries, which can be 
attributed to the initiation of grain nucleation from nano-
sized Al3(Sc, Zr) precipitates on the MP boundaries, 
which can promote a high grain refinement degree [59]. 

Consequently, columnar grains were generally limited within 
the molten pools [60]. The presence of Al3(Sc, Zr) precipi-
tates can be verified by regional EDS analysis of the center 
of an MP (region A) and its boundary (region B), which are 
shown in Fig. 8 c, d.

As can be seen, the boundary region is enriched more in 
Zr, O, and Mn compared to the center of the MP. The higher 
amount of these elements can be attributed to Al3(Sc, Zr) 
precipitate and Al–Mg oxides particles along the MPBs and 
the formation of UFEGs bands [41]. The SEM–EDS map of 
Fig. 8 b can be seen in Fig. 9 b. However, the SEM–EDS 
map revealed a homogeneous distribution of alloying ele-
ments along the building plane. SEM–EDS map further 
showed the same uniform alloying elements distribution for 
the scanning plane. The difference between regional EDS 
analysis and the EDS map can be attributed to the detection 
limit in the EDS map, in which no significant segregation 
of Sc, Zr, and O elements was observed. However, regional 

Fig. 7   FE-SEM analysis from scanning plane, (a) dashed-line indi-
cates a laser scan path and a gradient in grain size by numbering from 
ultra-fine equiaxed grains (UFEGs) in edge (point 1) to the coarser 

center (point 5), (b) higher magnification of point 5 in (a), and (c) 
higher magnification of point 1 in (a)
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EDS analysis (Fig. 8c, d) revealed this segregation from a 
qualitative comparison viewpoint.

Moreover, another study showed that the Scanning trans-
mission electron microscopy (STEM) equipped with a high-
angle annular dark-field (HAADF) detector had confirmed 
the presence of nano-size Al3(Sc, Zr) and Al–Mg oxide 
particles along the MPBs in UFEGs’ bands [58]. Conse-
quently, the differences between microstructure in CGs’ and 
UFEGs’ regions might be due to chemical composition dis-
tribution and the higher cooling rate along the MPBs. These 

microstructural findings reveal that Sc and Zr elements, 
steep thermal gradient, and a high solidification rate signifi-
cantly affect the final microstructure of L-PBF Scalmalloy®.

The XRD pattern of the as-built sample in both building 
and scanning planes is shown in Fig. 9 a. The peaks related 
to the α-Al (fcc) phase were detected, and no distinct phase 
transformation was observed. The diffraction peak of the 
Al3Sc phase was not detected, although it can be formed via 
post-heat treatment at elevated temperatures by increasing 
the Al3Sc precipitate density [36, 61].

Fig. 8   FE-SEM characterization of building plane, (b) higher magnification of (a), (c) regional EDS analysis of region A in (a), and (d) regional 
EDS analysis of region B in (a)
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3.2 � Tribological and microhardness properties

3.2.1 � Microhardness

Vickers microhardness results of the scanning plane and 
building plane demonstrate the effect of the as-built micro-
structure on the microhardness distribution of Scalmal-
loy®, Fig. 10. Microhardness was measured at 20 points 
with constant intervals along the X and Y-axes in the scan-
ning plane (Fig. 10a), and Y and Z-axes in the building 
plane (Fig. 10b). Compared to the hardness value resulting 
for the building plane, 89.5 HV on average, the results 
indicate a higher microhardness value of 95.2 HV on aver-
age in the scanning plane. Also, the scanning plane shows 
a more homogeneous hardness with lower fluctuation 

across the data points when compared with the building 
plane. Higher dislocation density accompanied by higher 
grain boundary area results in a higher microhardness 
value of a fine microstructure than coarser ones, supported 
by the Hall–Petch relationship [62]. Specifically, the lower 
microhardness in the building plane can be attributed to 
the coarsened microstructure localized inside the MPs. 
According to the Archard equation, hardness is inversely 
proportional to wear volume [63], significantly influencing 
the wear rate [64]. Hence, hardness can be considered an 
effective parameter and indicates a higher wear resistance 
in the scanning plane than in the building plane [65–67]. 
This finding is further backed by more data analysis and 
microstructural characterization in the following sections.

Fig. 9   A XRD spectra of as-built Scalmalloy® from scanning and building planes. b SEM–EDS mapping of the building plane (Fig. 8b)

Fig. 10   Variation of microhardness in different planes, a microhardness distribution in the scanning plane, b microhardness distribution in the 
building plane
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3.2.2 � COF variations versus sliding distance

On a microscopic level, during dry sliding wear, the pin and 
counterface surfaces interact in a few spots (asperities or sur-
face peaks) that are substantially smaller than the nominal 
surface area of the pin. Hence, the applied loads are much 
higher in these regions than the nominal values [68]. Con-
sequently, the stress at the contact points exceeds the yield 
strength of the pin material, resulting in material removal 
from the surface of the Scalmalloy® pin. In other words, 
digging the surface of the pins due to harder asperities on the 
steel disc can be expected [69]. Figure 11 shows the change 
in COF versus sliding distance for all SN, BN, and BP sam-
ples under three applied loads, 20, 40, and 60 N. For all 
samples at the running-in period, the COF value increased 
within the first ~ 600 m, after which the COF became a pla-
teau (steady-state).

This behavior can be related to the gradual decrease in 
roughness during the wear test, i.e., removing the asperity 
points from both contacting surfaces. A high level of fric-
tional force is needed to overcome the material resistance 

(asperity yield strength) and break or deform the asperities. 
These small asperity contacts with different sizes and shapes 
make the whole actual contact areas, and then by continu-
ing the test, these asperities become flatted or detached, and 
surfaces adjust to each other and cause a plateau in COF 
curves [40, 70].

Generally, the tiny spot welds must be broken apart at 
the contact surface before the two frictional pairs slide over 
each other [71]. It can cause oscillation in all curves shown 
in Fig. 11 and can be attributed to the stick–slip effect, which 
is more evident under 40 and 60 N load conditions.

Figure 12 a shows the average value of COF at the 
steady-state mode (from 600 to 2500 m), and its stand-
ard deviation was measured and shown by error bars. The 
mentioned sliding distance range was selected to eliminate 
the run-in effect on the computed data at the beginning 
of the wear test. It can be seen that the variation of the 
average COF versus applied loads is considerable for all 
samples. Therefore, COFs ranged from 0.45 to 0.8 for all 
samples in this study. Regardless of the as-built micro-
structure, a drastic increase was observed when the load 

Fig. 11   Variations of COF during dry sliding wear test under different applied loads, a SN samples, b BN samples, and c BP samples
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was increased from 20 N to higher loads (40 and 60 N). 
However, a slight decrease with increasing applied loads 
from 40 to 60 N was observed for COF. The effect of 
applied load variations on the average COF and volumetric 
wear rates for all samples are quantitatively compared and 
summarized in Table 3.

Notably, the average COF values drastically increased by 
51, 45, and 60% in SN, BN, and BP samples by increasing 
the applied load from 20 to 40 N, respectively, which can be 
related to frictional dynamic instabilities. This sharp COF 
change can result from combining two main dominant mech-
anisms. First, there is a higher possibility of more asperities 
getting in contact and increasing the actual contact area by 
direct metal-to-metal contact (high metallic intimacy) at 
higher applied loads, where these large adhesion regions 
act as stress raisers [72]. Second, frictional heat is generated 
at asperities in the sliding interface, and a slight local heat 
expands the near-surface volume of the sample and eventu-
ally increases the COF [73].

Accordingly, it can be expected that higher COF values 
are obtained under higher applied loads, 40 and 60 N, com-
pared with 20 N applied load. However, from Fig. 12 a, it 
can also be found that by increasing the applied loads from 
40 to 60 N, COF value slightly decreased by 10, 14, and 7% 
in SN, BN, and BP samples, respectively, and eventually 
reached a constant value (~ 0.65) for 60 N applied load in 
all samples. This reduction in COF can be attributed to the 

combination of two main dominant mechanisms: (i) propa-
gating stick–slip zones (slip waves) under 60 N applied load, 
arising from a series of breakings and adhesions of the fric-
tional pairs at the contact points [68, 73]. (ii) Formation of 
oxide film between the frictional pairs, which theoretically 
can result from the temperature rises due to higher frictional 
heat at the highest applied load (60 N), regardless of the as-
built microstructure, which in turn causes a slight reduction 
in COF value [44, 74].

Therefore, the lowest COF at the lowest applied load (20 
N) in this study can be attributed to the combination of the 
two main dominant mechanisms: (i) formation of oxide film 
due to the nature of the aluminum alloy, (ii) fewer asperi-
ties contact leading to separation of two metal surfaces 
and a smaller actual contact surface. Although oxide film 
still existed at high applied loads of 40 and 60 N, the film 
could be broken and hence was a less effective mechanism 
in reducing COF. Therefore, a significant increase in COF 
values from 20 N applied loads to 40 and 60 N applied loads 
was revealed but slightly reduced from 40 to 60 N [75]. No 
dependency of COF to as-built microstructure was observed 
under 60 N applied load so all samples showed a constant 
COF.

Under the 20 and 40 N applied loads, slightly higher 
COF of BN samples were due to their columnar morphol-
ogy and coarser grain size (Fig. 8b), compared to SN sam-
ples with much finer grain size (Fig. 7b). This difference 

Fig. 12   Effect of different applied loads on COF variation (a) and volumetric wear rate values (b)

Table 3   Quantitative 
comparison of the applied 
load variations on COF and 
volumetric wear rate

Sign( +), means increased percentage and sign( −), means decreased percentage

Samples COF (%) Volumetric wear rate (%)

20 to 40 N 40 to 60 N 20 to 60 N 20 to 40 N 40 to 60 N 20 to 60 N

SN 51( +) 10( −) 36( +) 19( −) 13( +) 8( −)
BN 45( +) 14( −) 24( +) 37( −) 25( +) 21( −)
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can be attributed to grain boundary lubrication and higher 
hardness for finer grains. The refined grains in SN samples 
showed a higher wear resistance and lowered COF [76, 77]. 
Although the BP sample possesses a columnar and coarser 
grain size than the SN sample, it offers slightly lower COF, 
especially under the 20 N applied load. It will be addressed 
in the following section. Boundary lubrication is a mecha-
nism where a thin lubricant film separates the two surfaces 
in relative motion. This lubricant film reduces the direct 
contact between the surfaces, thereby minimizing friction 
and wear. The finer grain size observed in the SN samples 
contributes to a practical boundary lubrication effect. The 
presence of finer grains aids in smoother surface contact, 
reducing frictional forces and wear rates. Additionally, form-
ing an oxide film reduces the COF by acting as a bound-
ary lubricant, preventing direct metal-to-metal contact [78, 
79]. Understanding the dynamics of boundary lubrication in 
the context of the material’s microstructure and the applied 
loads can provide valuable insights into optimizing the wear 
resistance of L-PBF Scalmalloy®.

3.2.3 � Correlation of normal applied load and as‑built 
microstructure with wear anisotropic behavior

The lower wear resistance in both BN and BP samples than 
the SN samples is shown in Fig. 12 b. The higher wear resist-
ance in the SN samples can be attributed to their as-built 
microstructural features and microhardness that degrade the 
material by plastic deformation and detachment of materi-
als from the surface of the samples. The SN samples show 
much less dependency on the applied loads than BN and BP 
samples, which can be attributed to the finer and uniform 
microstructure and grain boundary strengthening observed 
in SN samples. Therefore, three dominant reasons in combi-
nation can be considered for this anisotropic wear resistance 
between scanning and building planes.

(i) Due to the existing much coarser columnar grains and 
inhomogeneous microstructure in the building planes (BN 
and BP samples) (Fig. 8b), and their lower microhardness 
values (Fig. 10b), the resistance of the material against plas-
tic deformation and detachment is much lower, and coarser 
debris can be expected as well (Fig. 19a,b). (ii) Higher pos-
sibility of the presence of internal L-PBF process-induced 
defects (metallurgical porosities, LOF, and unmelted pow-
ders) in the building plane (Fig. 5), which were susceptible 
local areas for material weaknesses and reduced the bonding 
between molten pools, facilitating the crack initiation-prop-
agation at the contact surface during the dry sliding wear 
test in the building plane [63]. Moreover, porosities in the 
wear surface increase the wear rate by reducing the surface 
contact area against the abrasive surface [80]. Likely, the 
existence of a relatively low amount of surface porosities 
in the scanning plane (SN samples) [81], compared to the 

building plane, results in a lower chance of crack formation 
when loads are applied, thus positively improving its wear 
resistance [74, 82]. Notably, the appearance of higher strain 
localization of columnar grains inside the MPs and highly 
strained regions around the internal defects can be consid-
ered a material weakness of the building plane during defor-
mation [83]. (iii) The hatching distance parameter (h), one 
of the most critical L-PBF process parameters, can generate 
many interaction points between adjacent laser tracks and 
their resulting MPBs in the building plane (Fig. 6b). These 
critical points can act as crack initiation sites and weaken 
the material against normally applied loads [84]. Thus, they 
can promote crack initiation and facilitate material detach-
ment and plastic deformation during the dry sliding wear 
test in the building plane.

The BN samples have higher COF than BP samples 
(under 20 and 40 N applied loads), showing slightly higher 
wear rate values. It can be realized that conducting the wear 
test parallel and perpendicular to the columnar grains offers 
a somewhat different wear value. It can be concluded that 
when columnar grains were exposed to the wear in BN 
samples, the loads were exerted on the short axis of colum-
nar grains, while in BP samples, the long axis of columnar 
grains was subjected to the wear test. Notably, columnar 
grains in the building plane grow toward the maximum 
thermal gradient. Considering the 67° rotation between 
the layers during the L-PBF process, complicated thermal 
history is expected across the sample, resulting in a tilted 
direction of solidification front along the sample’s building 
direction (Z) [37]. Thus, it cannot be expected that all colum-
nar grains were precisely perpendicular to the BN samples’ 
wear direction. Accordingly, the wear rates of BN and BP 
samples are slightly different, especially under 40 and 60 
N applied loads. Thus, higher wear rate differences can be 
seen under the lowest applied load, i.e., 20N, than 40 and 
60 N, due to higher compressive stress under higher applied 
loads. These results indicate that, under a lower applied load 
(20 N), the as-built microstructural features in the building 
and scanning planes strongly influenced the material’s wear 
resistance and COF. On the other hand, under higher applied 
loads (40 and 60 N), the effect of external loads outweighs 
the as-built microstructural features in terms of wear rate 
and COF. The wear rate differences observed under varying 
applied loads, particularly the distinct prominence of these 
differences under the lowest applied load (20 N) compared 
to 40 and 60 N, can be further explained by the influence 
of compressive stress. At a lower applied load, the inher-
ent microstructural features in the building and scanning 
planes significantly impact the material’s wear resistance 
and coefficient of friction (COF). However, with increased 
applied loads (40 and 60 N), the effect of external forces 
becomes more predominant, leading to a relatively dimin-
ished influence of the as-built microstructural characteristics 
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on the wear rate and COF. This phenomenon highlights the 
complex interplay between applied loads and the intrinsic 
properties of the material, emphasizing the critical role of 
both factors in the wear behavior observed.

3.2.4 � Correlation of worn surface and normal applied load 
with the wear rate and its mechanisms

To further investigate the wear behavior of L-PBF Scalmal-
loy® and its features from a microstructural point of view, 
the corresponding worn surfaces were characterized by FE-
SEM, as portrayed in Fig. 13 (a–i). For SN samples Fig. 13 

(a–c), clearer, smoother, and less erratic worn surfaces were 
observed than other wear test conditions noticed for the BN 
and BP samples, which can be considered evidence for 
higher wear resistance of SN samples. The variations in wear 
resistance are associated with anisotropy in the samples.

Also, the volumetric wear rate of all samples versus the 
applied loads is shown in Fig. 12 b. The wear volume due 
to fragments from a portion of asperities during sliding can 
be determined, and wear occurs due to interaction between 
asperities. Under the 20 N applied load, the highest wear 
rate between all three sample groups was calculated. Likely, 
under the 20 N applied load conditions, the abrasive wear 

Fig. 13   Comparative FE-SEM investigation of all worn surfaces. a, b, and c show the worn surfaces of SN samples; d, e, and f show the worn 
surfaces of BN samples; g, h, and i show the worn surfaces of BP samples at 20 N, 40 N, and 60 N applied loads, respectively
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mechanism via ploughing of the surface by hard asperities 
was more dominant. Therefore, material removal from the 
surface could be expected by creating long parallel deep 
grooves and delaminations, as shown in Fig. 13 d, and 
Fig. 14 a [65, 85]. According to Fig. 12 b, applied loads 
play a significant role in the wear rate values in all samples. 
Although COF drastically increased by increasing applied 
loads from 20 to 40 N, the volumetric wear rate decreased 
by 19%, 37%, and 30% for SN, BN, and BP, respectively 
(steeper in the BP and BN samples than in the SN samples). 
This decrease in wear rate is likely due to prevailing plastic 
deformation and flattening of the asperities in the adhesive 
wear mechanism under 40 and 60 N applied loads. In addi-
tion, due to more compressive stresses, the wear rate in both 
scanning and building planes under high applied loads (40 
and 60 N) is much lower than the 20 N applied load. Nev-
ertheless, the wear anisotropic behavior is more prominent 
under the low applied load of 20 N.

Figure 13 d shows the worn surface belonging to the high-
est wear rate in this study, i.e., the BN20 sample. It reveals a 
remarkable difference in the wear characteristic compared to 
the BN40 sample (Fig. 13e). It can be seen that under 40 N 
applied load, a smoother and clearer surface with fewer long 
grooves was generated, which can be attributed to the flat-
tening of the asperities in the actual contact area. Asperities 
contact points under the 20 N applied load were smaller and 
fewer than 40 N, and 60 N applied loads. On the other hand, 
the material yield strength, in this case, is scale-dependent; 
therefore, the strength of the material is much higher in 
asperity contact than the bulk material [86, 87]. Thus, under 

the 40 N applied load, much more high-strength asperity 
contacts were generated, and a higher rate of work hardening 
during sliding could be expected; hence, more resistance to 
material detachment and wear could be expected.

Consequently, a drastic decrease into a much lower wear 
rate in the 4 0N applied load, compared to 20 N, resulted in 
all samples (especially for BN and BP samples). However, 
increasing the applied load from 40 to 60N slightly increased 
the wear rate by 13%, 25%, and 12% in SN, BN, and BP 
samples, respectively. This change can be related to the 60 
N applied load exceeding the strength of the asperities and 
reducing the continuity of the oxide film layer during slid-
ing. Accordingly, no direct correlation between COF and 
wear rate was revealed; hence, wear could only be related 
to a fraction of the energy used in the wear process [73], 
a finding which will be discussed meticulously along with 
the following microstructural analysis. The significant effect 
of different as-built microstructures along the scanning and 
building planes on dominant wear mechanisms and scars 
under the constant applied load of 20 N is depicted in Fig. 14 
a and b. A higher magnification of the worn surface corre-
sponding to the BN20 sample (Fig. 13d) is shown in Fig. 14 
a. It can be noticed that the worn surface of the sample with 
the highest wear rate, i.e., ~ 8.2 mm3/m is featured by many 
long parallel deep grooves, small debris, and delaminations. 
The lowest wear rate, i.e., ~ 4.2 mm3/m under the same 20 N 
applied load, belonged to the SN20 sample (Fig. 13a), shown 
in higher magnification in Fig. 14b.

Figure 14 a shows the BN20 worn surface consisting of 
small yellow circles, which indicate additional wear debris 

Fig. 14   The worn surface at the same applied load 20 N, a BN20 sample at 100 × magnification, b SN20 sample at 150 × magnification
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corresponding to different internal defects and oxidation in 
the building plane during sliding. Also, arrows show the 
long parallel grooves running in the sliding direction along 
the whole surface of the sample due to hard protrusions on 
the wearing steel disc. Furthermore, dashed boxes reveal 
delaminations and severely detached material. In contrast, 
in Fig. 14 b, the smoother worn surface, delaminations, 
and much fewer parallel grooves of the SN20 sample can 
be attributed to the higher wear resistance along the scan-
ning plane with higher microhardness. In the bottom area of 
Fig. 14 b, the plastic deformation of the material by flatten-
ing and smoothing the asperities can be seen.

Further microstructural investigations from the worn sur-
face of the BN20 sample in higher magnification are shown 
in Fig. 15. The figure features with abrasive wear signs such 
as long parallel grooves, delaminations, ploughing, cutting, 
and debris similar to the items marked in Fig. 14 a. Also, 
the removed material can be noticed at the top of Fig. 15 b. 
In contrast, plastically deformed areas are shown at the bot-
tom. Moreover, traction within the contact area might result 
in surface features and cracks in the plastically deformed 
area perpendicular and parallel to the sliding wear direc-
tion, as shown in Fig. 15 c. The appearance of very high and 
repeated surface stresses during the sliding test leads to a 
surface fatigue wear mechanism, where voids are generated 
at the sub-surface inducing crack formation in three steps. 
These steps include crack initiation, growth, and eventu-
ally, the formation of large fragments of material from the 
surface, Fig. 15 b and d. The propagation of the cracks into 
the heavily deformed layer can lead to delamination and 
debris formation [88–90]. Accordingly, under the constant 
applied load of 20 N, the surface fatigue wear and abrasion 
mechanisms are more dominant, especially for BN and BP 
samples, which are commensurate with their higher wear 
rates measured.

Figure 16 shows the highest applied load (60 N) effect 
on the worn surface and wear mechanism for the BP60 
sample. At the contact surface, under higher applied loads, 
plastic shearing of the softer asperities (pin) leads to adhe-
sion between asperities of the frictional pairs when they are 
loaded against each other. Due to plastic flow, nucleation and 
propagation of sub-surface cracks lead to platelet-like wear 
particles before extending out to the free surface, promoting 
delamination and material shell-off [74]. A mechanically 
mixed layer (MML) containing Al–Fe–Cr–O compounds 
that adhere to the pin was formed during sliding; further 
sliding, this layer gets separated from the pin surface due to 
delamination, as shown in region G in Fig. 16 (a), [91], and 
these separate layers by delamination promote the adhesive 
wear mechanisms.

Figure 16 (b, c) shows differences between the EDS anal-
ysis of G and H regions regarding O, Fe, and Cr contents. 

Higher Fe, Cr, and O amounts in region H can be attributed 
to MML formation.

The possibility of the three-body abrasion and oxidative 
wear mechanisms is explored in the following paragraphs. 
Figure 17 shows the back-scattered electron (BSE) micros-
copy and SEM–EDS analysis from the worn surface of the 
BP60 sample at a higher magnification. The existence of 
white particles A (13.5 wt% of C, 36.5 wt% of Cr, and 44.0 
wt% of Fe) and C (12 wt% of C, 26 wt% of Cr, and 55 wt% 
of Fe) indicates a material transfer from counter material 
(AISI 52100 bearing steel), used as a wearing disc, which 
proves the adhesive wear mode was the dominant wear 
mechanism under the 60 N applied load conditions. Moreo-
ver, Fig. 17 b shows a bulk-EDS from the worn surface of 
the BP60 sample, in which a high amount of Fe (~ 23 wt%), 
Cr (~ 2.7 wt%), and oxygen (~ 32 wt%) throughout the Al 
matrix can be seen. In addition, more local analysis from 
region B (severely plastically deformed region or MML) 
in Fig. 17 d and region D (inside the delamination zone). 
Figure 17 f proves the existence of a high amount of oxygen 
and Fe, C, and Cr elements from the counterface. The pres-
ence of carbon can explain the slight decrease of (7%) COF 
when the load increased from 40 to 60 N. In addition, a 
higher amount of Fe and Cr was observed in region B than in 
region D, which can propose the MML formation during the 
sliding. However, it is noteworthy that a much lower amount 
of Fe and Cr elements was observed under the 20 N applied 
load conditions, while no carbon was detected (Fig. 15c).

For all samples, Fig. 18 shows the weight percent of Al, 
Fe, O, and Cr elements of the worn surface. It is observed 
that under 40 and 60 N applied loads, the Fe and Cr concen-
trations being (20–24 wt%) and (2–4 wt%), respectively, are 
higher than in the 20 N applied load. This evidence proves 
that when applied loads reach higher values, some main 
alloying elements from the counterface (wearing disc) can 
transfer and enter the sample, promoting the adhesive wear 
mechanism [68]. However, a relatively constant and high 
oxygen (32–35 wt%) level was shown that an oxide layer 
mostly covered the worn surface. Oxide can be generated 
between solid surfaces of the two frictional pairs due to the 
oxidative wear mechanism, especially under a high slid-
ing distance designated in this study (2500 m) [64]. It can 
be concluded that the growth of oxide layers and adhesive 
transfer of material between the sample and wearing disc 
were the main dominant wear mechanisms under the 40 and 
60 N applied loads regardless of the as-built microstructure 
[46]. Adhesive wear mechanisms limited the amount of wear 
under the 40 and 60 N applied load compared to the abra-
sive wear mechanisms observed under the 20 N applied load 
[92]. Moreover, it can be expected that during the sliding 
under 40 and 60 N applied loads, the formation of stable 
and compacted layers (MMLs) was promoted and led to a 
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remarkable decrease in wear rate compared to 20 N applied 
load [91, 93].

Notably, the change in the total weight percentage of 
the Al element on the worn surface of each sample is not 
solely caused by changes in the concentration of Fe and Cr. 

As mentioned earlier, the presence of an oxide layer on the 
worn surface primarily contributes to the alteration in the 
weight percentage of Al. The higher concentrations of Fe 
and Cr under 40 and 60 N applied loads indicate the trans-
fer of these elements from the wearing disc to the sample, 

Fig. 15   Abrasion wear mechanism under the applied load 20 N. a Secondary electron microscopy from the worn surface of the BN20 sample, b 
higher magnification of region A in (a), c bulk-EDS analysis from the whole worn surface (a), d higher magnification of region R in (b)
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promoting the adhesive wear mechanism. Additionally, the 
constant and high oxygen level suggests the predominance 
of an oxide layer covering the worn surface, generated due 
to the oxidative wear mechanism. This oxide layer forma-
tion between the two frictional pairs contributes signifi-
cantly to the changes in the weight percentage of Al. The 
growth of oxide layers and the adhesive transfer of material 
between the sample and the wearing disc are the main wear 
mechanisms under the 40 and 60 N applied loads, leading 
to a decrease in the wear rate compared to the 20 N applied 
load. Furthermore, the formation of stable and compacted 
layers during sliding, known as mechanically mixed layers 
(MMLs), contributes to the overall changes observed in the 
wear behavior of the samples.

3.2.5 � Correlation of wear products with wear mechanisms

Figure 19 (a, b, and c) show different debris sizes, being 
coarse (plate-like flakes) for BN samples (a), moderate (mix-
ture of fine particles and plate-like flakes) for BP samples 
(b), and fine to ultra-fine for SN samples (c). This size dif-
ference can explain the higher wear resistance of SN sam-
ples. Fine and ultra-fine debris in SN samples can easily 
fill the vacant junctions of the contact surface and promote 

smoothening of worn surfaces (Fig. 13 (a–c)). The material 
taken from the surface may be readily smeared out and dis-
persed across the counter surface, acting as a solid lubricant 
during dry sliding [94].

However, in the BN samples with a high amount of long 
columnar grains, coarser debris detached and accumulated 
along the contact surface, adhering more to the softer mate-
rial during the sliding distance, increasing the wear rate [44]. 
The flaky morphology of debris represents the process of 
delamination along with the BN and BP samples. According 
to all the mentioned surface damages analysis, the debris 
pull-out from the tips of the asperities was expected when 
adhesive forces were combined with plastically flowing 
material. It can be seen that the formation of coarse debris 
from the BN sample is predominant, which can be attributed 
to the presence of long columnar grains as distinctive micro-
structural features of the building plain (Fig. 8b). However, 
fine and ultra-fine debris for SN samples were related to the 
higher microhardness and refined grains and their relatively 
uniform equiaxed as-built microstructure of SN samples 
(Fig. 7b) [72].

On the other hand, a combination of both the dominant 
discussed debris was formed for BP samples (Fig. 19b). 
More EDS analysis of the SN debris is shown in Fig. 19 

Fig. 16   (a) The worn surface of the BP60 sample, (b) the EDS analysis from inside the delamination region G in (a), (c) the EDS analysis from 
inside the groove region H in (a)
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(d–f); it can be seen that those particles can consist of 
a high level of oxygen (~ 40 wt%) (Fig. 19d, e) due to 
oxidation during the sliding. In contrast, some parti-
cles come from the counterface material having a high 
amount of Fe and Cr elements (Fig. 19f). Due to the 
micro-cutting action of the countersurface, oxide layers 
might build over time and readily break down into hard 
abrasive oxide particles [95].

Thus, from the debris analysis in Fig. 19 (a, b, c, d, and 
f) and the appearance of high amounts of Fe and Cr ele-
ments (Fig. 18), it can be concluded that the three-body 
abrasion mechanism was also possible, regardless of the as-
built microstructure. It can be attributed to hard particles 
enriched by Fe and Cr elements (especially under 40 and 
60 N applied loads). Moreover, fragmentation of oxide film 
layers (especially under 20 N applied load) could promote 
the three-body abrasion wear mechanism and generate deep 
groove scratches parallel to the wear direction (Fig. 13 and 
16). Notably, oxides act as abrasive particles, contributing 
to abrasive wear.

Fig. 17   Material transfer under the applied load 60 N. (a) Back-scat-
tered electron microscopy from the worn surface of BP60 sample, (b) 
bulk-EDS analysis from the whole worn surface, (c) point-EDS anal-

ysis from particle A, (d) EDS analysis from region B, (e) point-EDS 
analysis from particle C, and (f) EDS analysis from region D

Fig. 18   The total weight percent of Fe, Cr, O, and Al elements in the 
worn surface of all samples
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In conclusion, the sliding wear test demonstrated the opera-
tion of multiple wear mechanisms, each contributing differ-
ently depending on the sliding conditions [96]. In other words, 
a combination of adhesive and abrasive mechanisms, delami-
nation, surface cracking, and oxidation was observed. There-
fore, different values were measured for the wear rate depend-
ing on which wear mechanisms were predominant. Figure 20 
represents the schematic of the dominant wear damage and 
material detachment mechanisms from a microstructural view-
point to display the wear characteristics in this study. Figure 20 
(a, b, and c) show BN, BP, and SN samples, respectively. In 
Fig. 20 (a and b), 1 indicates a columnar grain inside a MP; 2, 
shows ultra-fine equiaxed grains along the MPBs; 3, indicates 
that L-PBF process induced-unmelted spherical powders can 
act as some weakness sites of the material under the wear test; 
4, shows plastically deformed area of material before detach-
ment from the surface; 5, is indicative of crack initiation and 
propagation; 6, marks a wear product (debris); 7, shows scars 
or delaminations (due to detached material); and 8, marks the 
end of a long groove. In Fig. 20 (c), 1 shows refined equiaxed 
grains inside the laser scan track, and 2 shows ultra-fine grains 
at the laser scan track boundary.

4 � Conclusions

Scalmalloy® samples were successfully produced using 
optimum L-PBF process parameters. A comparative study 
on the effect of different as-built microstructures on the 
tribological performance of the alloy was conducted under 
different contact loads. The key concluding remarks of this 
study can be summarized as follows:

1.	 The microstructural analysis of L-PBF Scalmalloy® 
showcased diverse defects, including internal gas porosi-
ties, lack of fusion porosities, as well as columnar grains 
and ultra-fine equiaxed grains. Chemical element distri-
bution along the molten pool boundaries was evident, 
and the XRD analysis confirmed the prevalence of the 
α-Al (fcc) phase.

2.	 Vickers microhardness tests on the scanning and build-
ing planes of Scalmalloy® highlight the impact of the 
as-built microstructure. The scanning plane exhibits 
higher and more uniform microhardness (95.2 HV on 
average) than the building plane (89.5 HV on average), 
attributed to the finer microstructure and increased dis-

Fig. 19   Different sizes of debris for BN (a), BP (b), SN (c) samples, and EDS analysis (d, e, and f) of A, B, and C particles in (c), respectively
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location density. This suggests higher wear resistance in 
the scanning plane.

3.	 The coefficient of friction during the wear test initially 
increased as the surfaces interacted, followed by a 
plateau. This pattern indicates the removal of surface 
asperities and the adjustment of surfaces to each other. 
The stick–slip effect was observed under higher applied 
loads, causing oscillation in the COF curves.

4.	 The coefficient of friction varied with applied loads, 
increasing sharply from 20 to 40 N due to increased 
contact and frictional heat, with a slight decrease from 
40 to 60 N. The lowest COF was at 20 N, attributed to 
oxide film formation and fewer contacts. No significant 
COF dependency on the microstructure was observed 
at 60 N, indicating a constant COF for all samples. The 
BN sample had slightly higher COF due to its columnar 
morphology and coarser grain size compared to the SN 
sample.

5.	 Microstructural differences, internal defects, and process 
parameters influence the anisotropic wear behavior. The 
building plane samples showed lower wear resistance 

due to their coarser microstructure and the presence 
of internal defects, while the scanning plane samples 
exhibited better resistance owing to their finer and more 
uniform microstructure. The compressive stress influ-
enced the varying wear rates under different loads, indi-
cating the complex interplay between applied loads and 
material properties in determining wear behavior.

6.	 The worn surface analysis indicates distinct wear charac-
teristics. Scanning plane (SN) samples exhibit smoother 
surfaces, suggesting higher wear resistance compared 
to building plane (BN and BP) samples. Under lower 
applied loads, abrasive wear dominates, while higher 
loads lead to plastic deformation and reduced wear rates. 
Microstructural differences, including internal defects 
and varying grain sizes, significantly affect wear behav-
ior. Adhesive wear mechanisms, such as material trans-
fer and oxide layer formation, prevail under higher loads, 
minimizing wear compared to abrasive mechanisms 
observed under lower loads.

7.	 The study identifies various wear mechanisms dur-
ing the sliding wear test, with SN samples exhibiting 

Fig. 20   Schematic of the effect of as-built microstructure on wear mechanisms of L-PBF samples. a A BN sample, b a BP sample, and c an SN 
sample
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finer debris due to their higher microhardness. Coarser 
debris in BN samples is attributed to their long columnar 
grains. Fe and Cr elements suggest the possibility of a 
three-body abrasion mechanism. The combined action 
of adhesive and abrasive wear, along with delamination, 
surface cracking, and oxidation, influences the observed 
wear rates.

8.	 This research study unveils the anisotropic wear prop-
erties of as-built L-PBF Scalmalloy® resulting from 
microstructural differences. This paper can draw the 
attention of AM designers to exploit an appropriate 
DfAM approach to achieve better tribological perfor-
mance for Scalmalloy® components from industrial 
frictional pair standpoints. The authors suggest more 
research topics for future studies, including evaluating 
the effect of additional lubrication, post-heat treatment 
cycles, surface roughness, and different sliding veloci-
ties on the tribological performance of additively manu-
factured Scalmalloy® samples.
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