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Abstract

Ti—6Al1-2Sn—4Zr-2Mo (Ti6242) is a near-a titanium alloy developed for high-temperature applications, yet its tribologi-
cal behavior in additively manufactured conditions remains insufficiently understood. This study aimed to investigate the
influence of build orientation on the microstructure and tribological performance of Ti6242 components produced via
electron beam powder bed fusion (EB-PBF) across temperatures from room temperature to 450 °C. The outcomes revealed
that a higher fraction of equiaxed grains was observed in the horizontally oriented samples compared to the vertically
oriented ones, reflecting the influence of build orientation on the microstructural anisotropy. Abrasive wear emerged as
the predominant mechanism in EB-PBF-Ti6242 and Al,O; ball interactions under all tested conditions. The tribologi-
cal behavior at 450 °C exhibited characteristics comparable to those at room temperature, with a friction coefficient of
approximately 0.5 and a wear volume about 10% lower than that measured at room temperature, may be attributed to
the formation of a TiO, tribolayer. Although the horizontal sample possessed smaller porosities and slightly higher hard-
ness than the vertical one, no significant wear anisotropy was observed under a 5 N load, due to the combined effects of
microstructure, surface topography and local stress response. The similarity in tribological performance of Ti6242 alloy
at different temperatures, regardless of build direction, underscores its uniform wear resistance across a wide range of
operating conditions.

Keywords Additive manufacturing - Ti6242 alloy - Electron beam powder bed fusion - Wear anisotropy - Build
direction

1 Introduction aluminium serves as an active a-stabilizing element, and

Sn typically complements aluminium in enhancing solution
Ti—6Al-2Sn-4Zr-2Mo (Ti6242) is a near-a titanium alloy  strengthening. Mo is recognized as a primary [-stabilizing
known for its superior high-temperature performance com-  element, effectively lowering the B-transus temperature
pared to the widely used Ti6Al4V alloy [1, 2]. In this alloy,  (Z), and Zr is considered an a stabilizer due to its ability to
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slow the transformation rate from a to B [3]. Ti6242 exhib-
its impressive tensile strength, toughness, and outstanding
resistance to creep, fatigue, and corrosion. This alloy was
found to be primarily used in power generation and aero-
engine gas turbines, where tribological resistance is one of
the most essential needs [4, 5].

The tribological behaviour of titanium alloys is governed
by a combination of wear mechanisms that vary with tem-
perature and microstructural state. At room temperature,
titanium alloys typically exhibit the wear dominated by
abrasion and delamination processes, while at high tempera-
tures they are often associated with the formation of tribo-
oxide or mechanically mixed layers on the contact surface.
These surface layers, formed through the interaction of
debris, oxygen and counterface material during sliding, can
protect the substrate and maintain relatively low wear rates
[6]. However, when the integrity of this layer is compro-
mised—through cracking, spallation, or increased contact
stress—the wear regime may transition to severe wear char-
acterized [7]. At elevated temperatures, the dominant wear
mechanisms evolve due to frictional heating, microstruc-
tural softening and enhanced oxidation kinetics. Increasing
temperature promotes the formation of thicker oxide layers
and intensifies thermally activated processes such as shear
deformation and dynamic recrystallization [8]. Microstruc-
ture plays a key role in controlling these processes. For
example, refined structures of Ti alloys typically character-
ized by fine o/P lamellae, or reduced grain size can increase
hardness and improve deformation resistance, thereby
enhancing wear performance compared with conventional
microstructures [9]. In addition, the crystallographic orien-
tation and grain morphology can significantly influence the
dominant wear mechanisms [10].

Conventional manufacturing methods for Ti6242 face
challenges such as internal defects from casting, oxygen
pick-up, and machining difficulties due to its high-tempera-
ture strength [5]. Consequently, various strategies have been
pursued to overcome these obstacles and enhance the appli-
cation of the Ti6242 alloy in multiple industries [11].

To address these challenges, additive manufacturing
(AM) has emerged as a promising alternative, offering sev-
eral advantages over traditional methods. AM, particularly
the electron beam powder bed fusion (EB-PBF) method,
provides solutions for many conventional manufacturing
challenges [12]. EB-PBF operates within a vacuum envi-
ronment and leverages the high energy of an electron beam
to preheat and melt the powder, enabling operation at high
temperatures ranging from 50 to 70% of the material’s melt-
ing point [13].

Despite all the advantages of the EB-PBF process, the
inherent directional solidification in this process introduces
anisotropy in the microstructure, as well as the mechanical
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and tribological properties of the as-built components [14].
It is well documented that this anisotropy can lead to signifi-
cant performance issues, particularly in applications dealing
with high stresses [15, 16]. It is also reported that the result-
ing anisotropic surface quality substantially impacts the tri-
bological behaviour of the as-built components [17, 18]. As
a matter of fact, when the wear rate of different surfaces of a
part varies significantly due to anisotropy, it can negatively
affect the dimension accuracy, shape, overall wear resis-
tance, and finally, the lifetime of the part.

In addition, non-uniform wear can create stress concen-
trations within the part, and this imbalance in stress con-
centration distribution leads to structural weaknesses, crack
formation, or complete early failure of the product [19, 20].
Therefore, if the wear and friction characteristics of distinct
sections within an AM part, which can be characterized by
different grain morphologies, exhibit similarity, this align-
ment can contribute to an extension in the lifetime of the
component. Tool wear management is imperative for ensur-
ing the production of high-quality machined components,
enhancing production efficiency, and reducing costs. Conse-
quently, it is crucial to gain a comprehensive understanding
of how the anisotropic characteristics of AM components
affect their machinability, which differs from that of con-
ventionally produced ones [21, 22].

Some investigations have been undertaken regarding the
anisotropic mechanical and tribological characteristics of
AM outputs. For example, Walker et al. [23] examined the
fatigue characteristics of laser powder bed fusion (L-PBF)
produced Ti6Al4V and observed that vertically constructed
samples exhibited greater average fatigue lifecycles com-
pared to horizontally constructed ones. Conversely, in most
of'the past research on AM components, it has been observed
that horizontal planes exhibit better mechanical properties
than vertical ones. This advantage could be attributed to the
equiaxed nature of grains in horizontally built samples, in
contrast to the columnar grains manufactured vertically [24].
For instance, Lizuul et al. [21] observed a gradual decrease
of up to 40% when transitioning from machining horizon-
tally fabricated specimens to vertically manufactured ones
during the tool lifespan of Ti6Al4V parts produced using
L-PBF. Podgornik et al. [22] investigated the influence of the
build direction (BD) on the anti-wear characteristics of mar-
aging steel fabricated through L-PBF. Their results showed
that the optimal synergy between abrasive and adhesive
wear occurs in the horizontal direction with in-plane slid-
ing, whereas sliding across the layers proves to be the most
detrimental. Inclined printing at an angle of 45°, by contrast,
circumvented anisotropy and delivered a favourable bal-
ance of high strength and toughness. More recently, Liu et
al. [15] showed that the wear resistance and tribocorrosion
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Table 1 Chemical composition of the starting Ti6242 powder

Chemical composition (wt%) Al Zr Sn Mo Si (6] Ti
EDS analysis 5.93 3.96 2.20 2.11 0.14 - Bal.
ICP-Inert gas fusion 6.08 3.29 1.80 1.58 0.05 0.14 Bal.
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Fig. 1 a SEM image showcasing the initial Ti6242 powder morphology, b A schematic of the Ti6242 specimens fabricated using different build

directions

performance of L-PBF-Ti6Al4V present superior results in
the horizontal plane compared to the vertical plane.

Despite the growing use of additive manufacturing for
high-performance titanium alloys, limited attention has
been paid to the processability of Ti—6Al-2Sn—-4Zr—2Mo
(Ti6242) via the EB-PBF process and the actual fabrication
of fully functional components from this alloy. Moreover,
the influence of microstructural anisotropy on the wear and
mechanical behavior of EB-PBF—processed Ti6242 remains
largely unexplored, underscoring a significant gap in the
current literature. Considering that Ti6242 is a preferred
material for gas turbine compressor components, such as
blades, discs, and impellers, operating at elevated tem-
peratures around 450 °C [1], understanding its tribological
behavior under such service conditions is of great impor-
tance. Therefore, this study aims to bridge this knowledge
gap by systematically evaluating the tribological perfor-
mance of EB-PBF-Ti6242 over a temperature range from
room temperature to 450 °C, with particular emphasis on
how build direction and resulting anisotropy govern its wear
behavior.

2 Materials and methods

2.1 Sample production

Gas-atomized spherical Ti6242 alloy powders supplied by
TLS Technik GmbH & Co was used as the starting mate-

rial in this work. The morphology and chemical properties
of the feedstock material were examined using a PhenomX

secondary electron microscopy (SEM) with an energy-dis-
persive X-ray spectroscopy (EDS) analysis detector. Further
verification was performed by inductively coupled plasma
(ICP) analysis using Avio 500 ICP-OES by PerkinElmer
and inert gas fusion using an ONH836 analyzer from LECO
Europe BV, as detailed in Table 1. Based on the information
presented in Table 1, the starting powder had a low oxygen
concentration. The powder particle size range of the Ti6242
powder was between 45 and 106 um, with a median diam-
eter of approximately 75 £ 10 um. Figure la displays the
SEM micrograph of the initial powder, mainly consisting of
spherical particles, although irregular particles and satellite
coverage are also observed, which are the typical defects
reported in the gas-atomized powders [25, 26]. It is well
documented that the presence of these kinds of defects can
deteriorate the flowability of the powder and, consequently,
the quality of the as-built samples. Hence, more oversized
outlet windows were utilized during machine setup to mini-
mize these detrimental effects.

To analyze the wear resistance of the Ti6242 alloy, disk-
shaped samples with 30 mm diameter and 5 mm thickness
were designed following the ASTM G99 standards. In order
to avoid direct contact between the as-built samples and the
stainless steel start plate, the samples were printed 10 mm
above the plate, and the relevant gap was filled using the
support structure made of Ti6240 alloy. As illustrated in
Fig. 1b, the various classes of the as-built specimens are
denoted by horizontally oriented (0°) and vertically (90°)
ones.

The Ti6242 samples were produced using an Arcam
A2X EBM machine (software version 5.2.52). This process

@ Springer
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involved standard settings like a 60 kV accelerating volt-
age and 50 pm layer thickness. The process began with
preheating a stainless-steel start plate to 700 °C via elec-
tron beam scanning. Then, the powder was spread evenly
on this preheated plate. Before starting the selective melt-
ing of the powder, each powder layer was preheated to sin-
ter the powder and facilitate the conduction in the powder
bed. This preheating and melting sequence was repeated in
each layer until the sample production was completed. The
focus and line offsets used in this work were 10 mA and
0.2 mm, respectively. The reference current and beam speed
were set to 6 mA and 1060 mm/s, respectively. The entire
EB-PBF process was conducted under strict temperature
control, maintaining the temperature of the powder bed at
a minimum of 580 °C. After the fabrication, any remaining
un-melted powder was removed using an Arcam Powder
recovery system (APRS). A schematic diagram of the EB-
PBF process is illustrated in Fig. 2.

2.2 Material characterization

To mitigate the impact of surface roughness, all the as-built
Ti6242 specimens were ground with abrasive SiC papers
from #180 to #1200 and then washed with ethanol and dis-
tilled water. An X-ray diffractometer (XRD) of the ASEN-
WARE (AW-XDM300 model) was utilized to analyze the
phase composition and lattice parameters of the as-built
specimens. The XRD analysis was performed with the
X-rays generated with a Cu target at 40 kV, 30 mA, step
time=1 s, and step size=0.05°.

To analyze the microstructure of the samples along the
build direction using the optical microscope (OM, Nikon

Fig.2 Schematic diagram of the
EB-PBF process
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EPISHOT 300, Nikon, Tokyo, Japan), their surfaces were
ground using abrasive papers ranging from grit size #180—
#2400, followed by final polishing down to 1 micron using
diamond paste. Afterwards, all the as-polished specimens
underwent ultrasonic cleaning in ethanol and distilled water.
In order to reveal the details of the microstructure, all the
samples were chemically etched via immersion in Kroll’s
etching solution (6 Vol% HNO; and 3 vol% HF in water) for
10 s. To obtain a more detailed understanding of the crys-
tallographic orientation, the microstructure of the samples
were polished for 6 h using a vibratory polisher with an
oxide polishing suspension (OPS) diluted in water. Compre-
hensive microstructural examination was conducted with a
dual-beam FEI SCIOS 2 NICol field emission dual beam
scanning electron microscope (SEM) equipped with a Sym-
metry® S3 EBSD detector (CMOS sensor) and operated via
AZtecHKL software for EBSD acquisition. The collected
data were subsequently processed and analyzed using OIM
Analysis™ software.

To assess the density of the as-built Ti6242 samples,
X-ray computer tomography (CT) measurements were car-
ried out using a GE Phoenix v|tome[x S240 system. This
high-resolution imaging tool, equipped with a 180 kV/20 W
high-power nanofocus X-ray tube, enabled a superior reso-
lution of 2500 %3000 pixels at a pixel size of 100 um. The
average surface roughness of the samples (Ra) in different
states was obtained utilizing an RTP-80 profilometer with a
TL90 drive unit. The roughness values are an average based
on five measurements.

Vickers microhardness assessments were performed to
analyze the microhardness of the specimens using a Qness
Q10 microhardness testing machine, applying a 5 N load for
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15 s. Each recorded hardness value represents the average
of five measurements.

Comprehensive analysis of mechanical properties,
including nano hardness and elastic modulus, was per-
formed using a Nano-indenter (NHT2, CSM Instruments)
equipped with a Berkovich-type diamond indenter. The
indentation process was performed using a maximum load
of 10 mN. To minimize experimental errors, each experi-
ment was repeated at least five times at various locations,
and the final result was derived from the average of five
measurements.

Dry sliding wear tests were carried out using a ball-on-
disk apparatus (CSM high-temperature wear tester) at three
different temperatures: 25 °C, 250 °C, and 450 °C. The
25 °C is a baseline reference for evaluating the material’s
performance at room temperature. The 250 °C represents a
moderate temperature commonly encountered in engineer-
ing applications, allowing for analysis of the changes in
the alloy’s mechanical and tribological behaviours before
reaching high operational temperatures. Finally, the 450 °C
reflects conditions typical in gas turbine compressor com-
ponents, making it essential to understand the alloy’s per-
formance in real-world applications. In all experiments,
the sliding speed of the disk was consistently maintained
at 0.1 m/s, and a load of 5 N was applied for a total sliding
duration of 30 min. The test configuration involved Ti6242
discs sliding against a 10 mm diameter alumina ball with
a hardness of approximately 1500 HV. Each test was rep-
licated three times to ensure reproducibility. Finally, the
surfaces of the tested samples at various temperatures were
examined using Zeiss EVO50 SEM-EDS. A schematic rep-
resentation of the ball-on-disc setup used for the wear tests
is presented in Fig. 3.

Fig.3 Schematic diagram of the
high-temperature ball-on-disc
tribometer
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3 Results and discussion
3.1 Porosity evaluation

Figure 4 reveals the porosity analysis of the Ti6242 speci-
men conducted using the XCT method. A colour-coded
representation was employed to show the diameter of the
porosities. The pores exhibit a concentration lower than
0.05%, underscoring the successful fabrication of Ti6242
alloy with a negligible defect content. The dimensions of
porosities in the vertically built specimens surpass those in
the horizontal ones. The green-teal voids, with a diameter of
500 £ 15 pm, are distinctly marked by yellow arrows in the
XCT image. Conversely, the voids in the horizontally ori-
ented specimens were less than 200 + 15 um. However, the
porosity levels in horizontally oriented samples of elongated
constructs exceed those in their vertically built counterparts.
This variation in porosity can be attributed to the disparate
thermal histories between vertically and horizontally con-
structed components [27, 28]. Although the link between
build orientation, thermal history, and porosity is notably
relevant, further research is required to fully understand
how these factors interact with other process parameters.
The pores act as stress concentration points within the EB-
PBF parts, making it easier for cracks to initiate from these
areas and propagate into the surrounding healthy regions,
resulting in an early failure [29].

Following previous research findings [30, 31], the pres-
ence of larger pores raises more significant concerns than
the scattered distribution of smaller pores. Larger pores may
arise from inadequacies in the powder’s layering process or
incomplete melting during the manufacturing process. For
example, according to the research conducted by Luo et al.
[32] on PBF-Ti alloys, intermediate-sized pores, ranging
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Fig. 4 Porosity distribution in a a)
horizontally and b vertically ori-
ented Ti6242 samples obtained via
XCT method

Pores diameter (mm)

0.99
0.90
0.81

from 50 to 200 pum in diameter, may slightly decrease the
elongation and strength of the material when compared to
the samples processed under fully dense conditions. Mean-
while, larger pores from lack-of-fusion voids (200-500
pm) can lead to considerable pore structure irregularities,
resulting in a pronounced reduction in the ultimate tensile
strength of the material. Equiaxed grains in the horizontal
direction, which are more isotropic and have a random ori-
entation, tend to have lower porosity than columnar grains
in the vertical direction. This can be due to more uniform
solidification and better bonding between layers in the
equiaxed microstructure [33].

From a tribological performance perspective, Hertzian
analysis was utilized to calculate the contact area between
the Ti6242 specimens and the ball counter face to under-
stand the impact of the pore size on wear mechanisms.
According to Hertzian theory, the contact radius, “a” can be
calculated using the Egs. (1) and (2) [34]:

3/3FR
= 1
o= {0 (1)
1 1—v? 1—v3
= 2
E* Ey * Ey @

@ Springer

where F'is the load on the contact area (= 5 N), R is the radius
of the alumina ball (= 5 mm), and E" is the reduced elastic
modulus. £; = 200 GPa and E, =~ 380 GPa for the Ti6242
sample and Al,O; ball, respectively. v, = 0.32 and v, = 0.21
for the Poisson’s ratio of the specimen and the counter-face,
respectively. Based on the current analysis, the contact
diameter under this load is twice the contact radius, measur-
ing approximately 100 um. This value is smaller than the
pore sizes in horizontal or vertical directions, which range
from 200 to 500 um. While the relatively small contact area
suggests that direct interaction between the counterface and
large surface pores may be limited, it should be noted that
subsurface pores can still influence the local stress distribu-
tion and deformation behavior during sliding. Nevertheless,
under the present testing conditions, no clear evidence of
pore-induced wear damage was observed. These findings
are further corroborated by the work of Islam et al. [34],
which explored the wear mechanisms associated with both
small and large pores.

3.2 Surface analysis

Figure 5a displays the mean surface roughness (Ra) of
Ti6242 in both horizontal and vertical directions in their
as-built states and after grinding. The as-built vertical ori-
entation exhibits approximately 84.5% higher roughness
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compared to the horizontal direction. Nevertheless, after
grinding with SiC papers, the surface roughness was reduced
to less than 0.4 um, regardless of print direction.

SEM images in Fig. 5b—d depict the surface morphology
of the Ti6242 alloy before and after grinding. The horizontal
surface (Fig. 5b) exhibits distinct parallel lines, indicative of
the layer-by-layer construction of the components during the
EB-PBF process. Conversely, the vertical surface (Fig. Sc¢)
exhibits a rougher surface, with irregularities like bumps
and partially melted powder particles dispersed across the
surface. After the grinding process, a smooth surface with
minimal asperities can be achieved, as illustrated in Fig. 5d.

The layered nature of AM parts induces the stair-step-
ping effect on the surface topography, contributing to high
roughness. This effect predominantly depends on the print-
ing directions [35, 36]. When the electron beam irradiates
the preset powder bed, it generates a molten pool with vary-
ing surface tension due to the different volumes of elements
present [37]. In the case of vertical samples, the absence
of a remelting process in the regions of stair steps means
that the effect of the particle concentration on the surface of
the previous layer cannot be omitted. Conversely, the sur-
face of the horizontal sample benefits from the remelting

20

a) 18.51

)

Average surface roughness (jum)

Partially
melted

particles

Z(BD)

phenomenon between neighbouring layers, resulting in a
finer surface finish.

3.3 Microstructural analysis

Figure 6a presents the XRD patterns of the Ti6242 alloy
printed in different build orientations. The XRD results
reveal a consistent presence of a (hep) and B (bec) phases
in both directions. The a phase, stabilized mainly by Al and
Sn, shows higher peak intensities in the horizontally built
samples, where faster heat dissipation due to larger surface
exposure may promote o-phase formation [38] In contrast,
vertically built structures retain heat longer, which can
result in a different phase distribution, impacting the mate-
rial’s performance. A predominance of the o phase in the
horizontal direction typically enhances the hardness, par-
ticularly at the top surface.

Dislocation density can be determined through various
techniques, such as Transmission Electron Microscopy
(TEM) [39], indentation [40], and XRD [41]. In this study,
we employed the XRD method, specifically utilizing the
well-known Williamson-Hall approach [42] to assess dis-
location density. According to this method, the broadening

Fig.5 a Average surface roughness of the as-built and ground Ti6242. SEM surface analysis of as-built Ti6242 in the b horizontal direction, and ¢

vertical direction, and d Ti6242 sample after grinding
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Fig.6 a XRD patterns of the v ~
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of the XRD peaks, compared to those of an ideal crystalline
lattice, is influenced by both the crystallite size and the lat-
tice strain. Equations (3, 4, 5) represent the calculations for
dislocation density (p), lattice strain (), and crystallite size
(D) [43]:

kA
D= —2 3
Bkt cos Opi ®)
1
p = D2 4
B B
€= 4tanb )

@ Springer

where k, A, By, Oy are a constant=0.9, X-ray wavelength
(0.154 nm), full width at half maximum intensity, and the
Bragg’s angle at each peak. The lattice parameters (D, p,
and ¢) were determined by averaging the values obtained
from each peak and the results are shown in Fig. 6b.

The mechanical properties of the EB-PBF-Ti6242
sample, including yield strength and hardness, are closely
linked to the formation and movement of dislocations. In
this study, the calculated dislocation density for the hori-
zontal and vertical samples is 2.1 x 10> m 2 and 1.3 x 10'3
m~ 2, respectively. Various theories have been suggested to
explain dislocation formation in AM components [44]. For
instance, the elements segregation at the cell walls plays a
role in the dislocation formation, as a pronounced gradi-
ent in solute concentration at these boundaries can result in
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strain hardening. Consequently, dislocations may develop
to alleviate this strain energy. However, it has been noted
that the localized stress and segregation can only generate a
maximum dislocation density of around 10'3 m™ 2 [45]. For
Ti6242 alloys, the observed dislocation density is found to
be 100 to 200 times greater, indicating that localized seg-
regation at the cell boundaries alone cannot fully explain
the observed dislocation generation. Residual stresses are
thought to be another important factor contributing to the
elevated dislocation density. Such stresses are common in
additive manufactured metals due to the thermal histories
associated with AM, which result in solidification shrinkage
and thermal expansion, leading to dislocation accumulation
[46].

In this study, the larger printing surface of the horizontal
samples per layer, which results in higher cooling rates and
residual stress compared to vertical samples, produces more
dislocation density. Consequently, faster cooling in the hor-
izontal orientation can lead to smaller crystallite sizes, in
contrast to the characteristics observed in the vertical sam-
ples. Supporting this discussion, the XRD results shown in
Fig. 6 indicate that lattice strain is greater in the horizontal
samples than in their vertical counterparts.

The low and high-magnification OM images of the
Ti6242 microstructure are provided in the Fig. 7a-e. The
development of epitaxial grain growth occurs due to the
sharp thermal gradient between the start plate and the melt
pool surface subjected to the electron beam. This process
results in the development of elongated columnar prior 8
grains in the build direction (normal to the powder bed)
(Fig. 7d). Meanwhile, the cross-sectional view of these
grains, exhibiting an equiaxed structure (parallel to the pow-
der bed), is illustrated in Fig. 7a. It is generally believed that
local variations in heat transfer may cause a misalignment
between the growth direction and the build direction, result-
ing in the growth of columnar dendrites that are not always
perfectly parallel to the direction of construction [24].

In high-magnification images, a non-uniform micro-
structure featuring a basketweave pattern of o + 3 phases is
observed in both specimens. This can be attributed to recur-
rent heating cycles induced by the upper sintered layers and
the thermal influence from the powder bed during the EB-
PBF process. These conditions prompt a transformation of
the o’ martensitic phases into the a phase within the existing
B grains. Consequently, a primary Widmanstétten micro-
structure with a basketweave structure takes shape, accom-
panied by the presence of a colonies near the boundaries of
the B grains [47]. It is well documented that the complex
thermal history during the EB-PBF process could result in
the following sequence of phase transformations during the
melting and cooling of the Ti alloys [48].

/
S(powde'r) — L(melt) — ﬁprior -«
+ aprimary+ Bretained —- o + B

The findings are further supported by the SEM image shown
in Fig. 7c, f. As mentioned eralier, in EB-PBF process, the
cooling rate is faster in the horizontal orientation due to
the heat dissipation through the layers, resulting in quicker
cooling across each layer. This leads to the formation of
thinner and finer o laths (dark regions) and narrower 3
phase (bright regions) in the microstructure. In SEM image
of the horizontal sample (Fig. 7c), the refined o lath colonies
aligned parallel to the build layers can be observed, with
small thickness of o lath and B phase. In contrast, in the ver-
tical orientation (Fig. 7f), the slower cooling rate allows for
the growth of thicker and shorter a laths and  phase, where
the o and B phases have had more time to develop into larger
and more defined regions.

To gain deeper insight into the microstructural charac-
teristics of the specimens, EBSD analysis was performed
for horizontal (Fig. 8a, c¢) and vertical (Fig. 8b, d) samples.
The results reveal the presence of large, discernible regions
or colonies composed of multiple a lamellae with varying
orientations, as indicated by the diverse color contrast in
the Inverse pole figure (IPF) maps obtained along the build
direction. The orientation of the o lamellae is primarily gov-
erned by two factors: the epitaxial growth of prior columnar
B grains during the EB-PBF process, and the crystallo-
graphic nature of the phase transformation.

The IPF maps did not reveal any pronounced crystal-
lographic texture along the build direction, suggesting a
rather random orientation of a lamellae. In HCP metals such
as Ti6242, the < 10-10 > direction is typically associated
with the fastest crystal growth due to its alignment within
the basal plane [49]. This lack of texture is attributed to the
transformation mechanism from B to a (or a'), where the
crystallographic information from the parent 3 phase, often
exhibiting a strong < 100 > fiber texture along the build
direction, is not always retained. This is especially true
when the transformation results in acicular or basketweave
morphologies, which promote a randomized texture in the
final microstructure [50].

Moreover, grain morphology was quantified by fitting a
best-fit ellipse to each EBSD-defined grain and extracting
its principal axes, the major axis (L) and minor axis (L,).
The shape aspect ratio was defined as ¢ = L,/L;; grains with
¢ <0.33 (= 1:3 minor-to-major) were classified as columnar,
whereas grains with ¢ > 0.33 were classified as equiaxed
[51]. Figure 8 compares the influence of build orientation on
grain shape and on the columnar/equiaxed partition for hori-
zontally and vertically fabricated specimens, and Fig. 8c,
d reports the area-fraction distributions across aspect-ratio
bins. Horizontally built samples contained 60.7% columnar
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Horizontal

Vertical

Fig. 7 OM Microstructure of the (a, b) horizontally and (d, e) vertically built Ti6242 specimens. SEM Microstructure of the (¢) horizontally and

(f) vertically built Ti6242 specimens

grains, while vertically built samples contained 66.4%
columnar grains. This difference is attributed to orientation-
dependent solidification conditions, namely changes in
cooling rate, thermal gradient, and solidification (interface)
velocity that arise from altering the build direction.
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The Schmid factor (SF) is defined as SF = cos¢ cosA
, the geometric factor giving the resolved shear stress
on a slip system relative to the applied uniaxial stress
(0 < SF < 0.5). SF mapping performed for HCP slip
systems; basal {0001}(11-20), prismatic {10-10}(11-
20), pyramidal-I {10-11}(11-23) (c+a), and pyramidal-II



Progress in Additive Manufacturing

0.12- c) Grain Aspect Ratio = 0.283

0.101

T 60.7% < 0.33
0.081
0.061

0.04t

Number Fraction

0.021

0.00
0.1 0.2 03 04 05 06 0.7 08 09 1.0

Grain Shape Aspect Ratio

Grain Aspect Ratio = 0.24
0.14

0.12
66.4% < 0.33
0.10
0.08

0.06

Number Fraction

0.04
0.02

0.00
0.1 0.2 03 0.4 05 06 0.7 08 09 1.0

Grain Shape Aspect Ratio

Fig. 8 Inverse pole figure (IPF) maps and grain aspect ratio distribution of the Ti6242 specimens fabricated in two different build direction: (a, ¢)

Horizontally, and (b, d) Vertically

{11-22}(11-23) (c+a); reveals a clear orientation depen-
dence between horizontal (left column) and vertical (right
column) builds, as illustrated in Fig. 9. It can be seen
that, relative to the horizontal specimen, the vertical build
shows higher (SF) for basal (0.308—0.342), prismatic
(0.310—0.331), and pyramidal-I (0.393—0.407), while
pyramidal-II remains essentially unchanged (0.434 vs.
0.433). The right-shifted histograms in the vertical condi-
tion indicate a larger fraction of grains favorably oriented
for these systems with respect to the loading axis used in
the SF calculation. Geometrically, the vertical build is there-
fore more permissive for activation of basal/prismatic and
first-order pyramidal (c+a) slip, whereas any differences in
hardness/yield between orientations must arise from varia-
tions in Critical Resolved Shear Stress (CRSS) and micro-
structural strengthening rather than SF geometry alone.

To place these observations in context, previous studies
on AM-HCP titanium alloys have reported similar orienta-
tion-dependent SF behavior. Yang et al. [52] showed that
vertically fabricated Ti6Al4V samples exhibited right-
shifted SF distributions for basal and prismatic (a) slip,

which correlated with higher ductility and reduced tensile
anisotropy compared with horizontally built specimens. This
was attributed to the preferential inclination of the a-phase
c-axes toward the loading direction, thereby increasing the
resolved shear stress on the dominant slip systems. Like-
wise, Dharmendra et al. [53] employed EBSD-based SF
mapping and demonstrated that AM-induced texture het-
erogeneity causes systematic differences in slip geometry
between horizontal and vertical builds. Their vertical speci-
mens displayed higher average SFs and a narrower popu-
lation of low-SF grains, suggesting a more uniform and
favorable configuration for slip activation under applied
load.

More recent high-resolution EBSD investigations on
L-PBF-Ti6242 by Kaushik et al. [54] further emphasized
that SF geometry alone cannot fully explain mechani-
cal anisotropy. Although a large fraction of grains in the
as-built condition possessed SF > 0.4 for pyramidal (c +
a) systems, the relatively high CRSS associated with this
mode, together with microstructural barriers such as o/
interfaces and dislocation substructures, limited actual slip
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{ Fig. 9 Schmid factor maps and distributions for HCP slip systems
under horizontal and vertical builds: (a, e) basal {0001}711 é 0?

! /
; (b, f) prismatic {10 1 0}?11 2 07; (¢, g) pyramidal-I ({c+a))

/ / / ’
{10 1 1}?11 2 37; (d, h) pyramidal-II ({(c+a})) {11 2 2}?11 237

. Mean SF (horizontal — vertical): 0.308 — 0.342, 0.310 — 0.331,
0.393 — 0.407, and 0.434 — 0.433, respectively

activity. Consequently, geometric favorability must be inter-
preted alongside microstructural parameters (like lath thick-
ness, colony size, and dislocation density) that modulate the
effective CRSS.

The present results are therefore consistent with this
mechanistic framework: In the present study, while verti-
cally built EB-PBF-Ti6242 samples exhibit higher mean
SFs and a greater fraction of favorably oriented grains for
basal and prismatic systems, the modest mechanical dif-
ferences between orientations are primarily governed by
microstructural strengthening and slip resistance rather than
Schmid geometry alone. The increased (SF) observed in the
vertical condition thus signifies a more permissive crystal-
lographic configuration for slip initiation, yet the absence
of significant softening confirms that deformation behavior
remains controlled by the intrinsic CRSS hierarchy and o/
morphology characteristic of EB-PBF-processed Ti6242.

3.4 Mechanical properties

Figure 10a compares the microhardness of the Ti6242 spec-
imens fabricated horizontally and vertically. The micro-
hardness of the horizontal specimen aligns with that of the
vertical one, exhibiting a slight increase of approximately
2%. The microhardness contour maps shown in Fig. 10b,
c further indicate that the hardness distribution is relatively
uniform across both specimens, with only minor local varia-
tions. The loading-unloading curves of the Ti6242 samples
are presented in Fig. 10d. The indentation depth of the sam-
ple with the vertical orientation was slightly greater than the
horizontal plane. The elastic modulus and nano hardness
values are reported in Table 2. The nano hardness is rarely
independent of the elastic modulus. A 6% increase in nano
hardness and elastic modulus was observed by changing the
build direction from the vertical direction to the horizontal.

The evaluation of nano hardness relies on the projected
area at the maximum load, which is usually smaller than the
residual projected area used in microhardness testing, leading
to higher hardness values than microhardness [55]. A partial
increase in hardness and elastic modulus observed in the hori-
zontal sample compared to the vertical one can be attributed to
some microstructural and geometrical factors. Firstly, as seen
in Fig. 6a, XRD analysis indicated a higher presence of the
o phase in the horizontally oriented sample. Given that the o

phase generally exhibits greater hardness than the B phase [56],
this contributes to the overall hardness enhancement. Addition-
ally, the EBSD results indicated lower average Schmid fac-
tor values for the horizontal condition, suggesting that fewer
grains were favorably oriented for slip activation under applied
loading. The lower Schmid factor implies a greater resistance
to dislocation motion, leading to higher hardness and yield
strength. The finer a-lath morphology and the more random-
ized orientation of o lamellae observed in the horizontally
built samples also enhance microstructural strengthening by
impeding slip transmission across grain and phase boundar-
ies. Furthermore, larger pores in the vertical direction (Fig. 4)
can act as stress concentration points, reducing the mechani-
cal properties of the material. Smaller pores in the horizontal
direction, while still affecting the material’s properties, might
have a lower impact on the hardness and elastic modulus com-
pared to their larger counterparts [30, 57]. When the porosity
content and size surpass a critical threshold, internal defects
predominantly negatively affect the mechanical properties by
diminishing the effective load-bearing cross-section during
load application. Consequently, there is a pronounced inverse
correlation between hardness and mechanical properties with
porosity size in such a way that the larger pores may contribute
to the notch effect, ultimately reducing both static and dynamic
strength, particularly when their geometry is irregular and fea-
tures sharp edges which are the characterisitcs of the lack of
fusion (LOF) porosity [27, 58].

3.5 Friction and wear resistance analysis

Figure 11 presents the coefficient of friction (COF) variation
with sliding time for the Ti6242 samples. It can be seen the
COF of both horizontally and vertically oriented specimens
at room temperature exhibits an upward trend at the running-
in period with relatively high fluctuation and then goes into a
steady stage (Fig. 11a). Indeed, during the initial phases, sur-
face asperities increased the frictional resistance and conse-
quently resulted in an elevation in the COF. As the asperities
progressively smoothed out, the COF eventually stabilized at
around 0.5.

In Fig. 11b, at 250 °C, the COF continuously increased dur-
ing the running-in period, reaching a steady value of ~ 0.58.
The initial increase can be attributed to the elimination of oxide
layers, which weaken the metal-to-metal adhesion between
contact surfaces. Removing these layers increases metal-to-
metal and/or metal-to-wear particle contact, thereby enhancing
the adhesive and ploughing components of the COF [59]. Once
the surface layers were entirely eliminated and a balance was
achieved between the generation and expulsion of wear debris,
the COF stabilized constantly.

At 450 °C, the COF change was the same as at 250 °C,
with the difference that the COF decreased rapidly in the
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Table 2 Nano hardness and elastic modulus of the horizontally and
vertically oriented Ti6242 samples

Nanohardness (GPa) Elastic modulus (GPa)
Horizontal 6.17+0.01 213.57+9.15
Vertical 5.80+0.03 199.47+7.54

initial stages and then increased until it reached a steady period
(Fig. 11c). Moreover, the COF in the constant region (~0.51)
was lower than at 250 °C and similar to the COF of the samples
at room temperature.

Two critical points are extracted from the COF graphs:

Firstly, the COF of the samples made in both horizontal and
vertical directions closely resembled each other at 25 °C and
450 °C, and the highest COF was obtained under 250 °C. Simi-
lar behavior has been reported for Ti alloys by Wang et al. [7]
and Li et al. [60], where unstable or partially developed oxide
layers formed at 200-300 °C led to enhanced adhesive and
three-body abrasive wear. At these temperatures, the protective
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the Vickers indentation footprints used for the microhardness contour
mapping). d Nanoindentation loading-unloading curves for the sam-
ples in different building angles

tribo-oxide film is repeatedly formed and ruptured, resulting in
severe debris generation and metal-to-counterpart contact. At
higher temperatures (= 400 °C), however, a stable and dense
TiOz-based tribo-layer can develop.

Secondly, the horizontal and vertical samples showed
similar tribological behaviour at each temperature, confirm-
ing the isotropic wear resistance for Ti6242 samples pro-
duced via the EB-PBF process. Similar observations have
been reported in previous studies investigating the influence
of build orientation on the mechanical and fatigue properties
of additively manufactured metals. Jeffs et al. [61] reported
that although vertically oriented EB-PBF-Ti6Al14V samples
exhibited slightly higher impact energy than horizontally
built ones, the difference was marginal when optimized
process parameters were applied, indicating that the EB-
PBF process can yield near-isotropic mechanical behavior.
Similarly, Wood et al. [62] demonstrated that horizontally
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Fig. 11 The COF of horizontally and vertically built Ti6242 alloy at different temperatures

built and machined L-PBF-316 L stainless-steel specimens
displayed fatigue strengths comparable to vertically built
counterparts once surface defects were minimized through
post-processing. These studies collectively suggest that
when the layer-by-layer thermal history produces a uni-
form o-lath or grain morphology, and when post-fabrication
treatments effectively mitigate defect-driven anisotropy,
the influence of build direction on mechanical and surface-
related properties can be considerably reduced.

Figure 12 illustrates the wear depth profiles and the calcu-
lated wear volumes of the Ti6242 specimens after the sliding
tests. The wear volume (V = 2mrS) was determined according
to Ref [63], where r denotes the wear track radius (10 mm) and
S corresponds to the cross-sectional area of the wear groove
derived from the wear depth profiles. The value of S was
obtained using OriginPro software. To ensure the reliability
of the measurements, the cross-sectional area for each sample
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was calculated as the average of three independent wear pro-
files taken at different positions along the wear track.

The results show that both orientations exhibited the highest
wear volume at room temperature, which was approximately
10% higher than that observed at 450 °C. In contrast, the low-
est material loss was recorded at 450 °C. This trend is gener-
ally consistent with the friction behavior observed during the
tests. Overall, the difference in wear volume between the hori-
zontally and vertically built samples remained negligible at all
tested temperatures, indicating similar wear performance for
both build orientations.

The temperature-dependent tribological behavior of Ti6242
can be explained by the progressive development of surface
oxidation during sliding. At room temperature, the native oxide
layer is thin and unstable, leading to repeated metal-ceramic
contact, which results in the largest wear volume and notice-
able fluctuations in the COF. At 250 °C, partial oxidation pro-
motes the formation of a thin and unstable oxide layer. The
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Fig. 12 Wear depth profiles and calculated wear volumes of the Ti6242 specimens

repeated formation and fragmentation of this layer generates
oxide debris within the contact, which increases the interfacial
shear resistance and surface roughness, and results in a slightly
higher COF. When the temperature increases to 450 °C, a more
stable and continuous TiO:-based tribolayer can form on the
sliding surface, acting as a protective barrier that reduces mate-
rial removal and leads to the lowest wear volume.

A thorough examination of the worn surfaces was conducted
using SEM to gain deeper insights into the wear mechanisms, as
depicted in Fig. 13. Secondary electron (SE) and backscattered
electron (BSE) imaging were employed to observe the surface
morphology and ascertain the phase distribution, respectively.
Additionally, EDS analysis was carried out on the wear tracks,
and the results of three main elements (Ti, O, and Al) are pre-
sented in Table 3 (Each of the other elements, including Si, Zr,
Mo, and Sn, were less than 1 wt%). The findings from the SEM
images of wear tracks corroborated the patterns observed in the
friction analysis. The degree of degradation and wear mecha-
nisms across different build orientations exhibited notable sim-
ilarities. Numerous regular abrasion furrows are observable on
the worn tracks of the Ti6242 alloys. These furrows stand as
distinctive features attributed to the ploughing effect.

Given that the hardness of the Al,O5 ball dramatically sur-
passes that of the titanium alloy, the alumina’s projections
become embedded within the titanium surface. Consequently,
during sliding, these projections displace the plastic flow of
the Ti6242 alloy, ultimately sculpting grooves. The combined
effects of ploughing and localized delamination lead to surface
spalling and plastic deformation occurring on the surface. The
recurrent “work hardening-delamination” process could be the
fundamental cause of the fluctuations observed in COF curves
[64, 65]. Upon closer examination, it becomes apparent that
samples displayed wear debris on their surfaces. The likelihood
of three-body abrasive wear arises from the presence of the

detached small fragments that were re-crushed by the alumina
ball [66].

Based on the BSE images of the worn surfaces, the darkened
region extends from room temperature to 450 °C. The EDS
analysis (Table 3) of the selected areas revealed a relatively
elevated oxygen content, suggesting the surface oxidation at
250 °C and 450 °C, which suggests the occurrence of oxidative
wear during the tests. Ti and O elements observed on the worn
surfaces at elevated temperatures indicate the possible forma-
tion of titanium oxide films, known for their lubricious nature
and ability to undergo elastoplastic deformation under normal
loads and shear stresses [67]. The improved COF at 450 °C,
compared to 250 °C, can be attributed to the higher oxygen
concentration, leading to the increased formation of titanium
oxide with self-lubricating properties. It should be emphasized
that the formation of TiO: is inferred from EDS data. Never-
theless, it is noteworthy that the strength and hardness of Ti
alloys decrease at higher temperatures [68]. Consequently, the
combined influence of these two effects results in no signifi-
cant impact of temperature on the tribological behaviour of this
alloy [60]. Hence, the COF of the sample is comparable at both
room temperature and 450 °C. Another significant observation
from EDS analysis is the elevated percentage of Al element at
250 °C compared to temperatures of 25 °C and 450 °C. This
can be attributed to adhesive wear between the alumina ball
and the titanium sample at this temperature.

The wear characteristics of AM components are influ-
enced by several critical factors, including the composition
of the material, which affects hardness and toughness (elas-
tic modulus); microstructure, which varies depending on the
AM process and impacts grain size and phase distribution;
and surface finish, where smoother surfaces generally provide
enhanced wear resistance [14, 69]. Since the grain morphol-
ogy and hardness in the vertical and horizontal directions are
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Table 3 EDS analysis of the regions on the worn surfaces shown in
Fig. 13

Region Element (wt%)
Ti 0} Al

A 94.2 2.9 1.4
B 53.7 334 11.2
C 52.0 41.3 4.7
D 93.4 42 1.1
E 62.9 25.7 9.6
F 50.9 44.1 34

different, different wear resistance was also expected in these
samples. However, no explicit correlation between build direc-
tion and tribological behaviour was observed. This unexpected
performance can be due to some reasons. Firstly, as surface
roughness is a critical factor in tribological behaviour, the strik-
ing similarity in the tribological performance of both samples
can be attributed to their nearly identical surface roughness
and topography achieved through grinding. During the wear
test, a certain amount of energy is dissipated to activate the
tribologically transformed structure (TTS) and generate wear
debris. Notably, there exists an inverse relationship between
surface roughness and cumulative dissipated energy. Since
both samples exhibit the same average surface roughness, they
also dissipate the same amount of energy [70]. This further
supports the earlier discussion that appropriate post-processing
can considerably reduce the influence of build direction on the
surface-related properties of additively manufactured alloys.
Secondly, the testing conditions, such as load, could play a role
in minimizing the differences in wear behaviour between the
two orientations. Subjected to a high load like 5 N, the elevated
compressive stress leads to heavily worn grooves character-
ized by numerous parallel cracks. During sliding, two forces,
including the tangential force (F,) and the normal force (£),),
act on the cells, with the first one being responsible for initiat-
ing slipping [18]. The following simple relationships can be
used to describe the F, [71]:

Ft = Z TeAe (6)
k<n

Ft = Z TCAC (7)
k<n

where 4, and 4, are the cross-sectional areas of the equiaxed
and columnar grains, respectively, and 7, and 7, are the
shear stress of the equiaxed and columnar grains, respec-
tively. Moreover, £ and » indicate the couple of asperities
and the total number of asperities pairs in contact, respec-
tively. The equiaxed grains, having a smaller cross-sectional
area compared to the columnar grains (4, < A4,), experience
more local shear stress under identical loading conditions

(z,>7,.). Consequently, certain segments of the equiaxed
structures undergo destruction, signifying the onset of frac-
ture dominance. This occurs when the shear stress within
the equiaxed cells surpasses their ultimate strength while
the shear stress within the columnar cells remains below
this threshold. Therefore, despite the slightly higher hard-
ness of the horizontal samples, the combined effects of local
shear stress distribution and microstructural characteristics
result in an almost isotropic wear behavior between the two
orientations.

Another contributing factor to the nearly isotropic wear
behavior of horizontal and vertical samples is the interplay
between mechanical-geometrical and microstructural effects
during sliding. To investigate the influence of the structural
cell orientation and grain geometry on wear resistance, an ini-
tial analysis based on the sliding direction relative to the grain
structure was performed. Figure 14 presents schematic dia-
grams depicting the wear resistance of different structural cells
oriented in various directions to understand the mechanism bet-
ter. Two extreme cases are analyzed for horizontal and vertical
Ti6242 samples: one involves sliding parallel to the x-direction
(S, and S, ). In contrast, the other consists of sliding paral-
lel to the y-direction (S, and S, ). The wear resistance of
the cell structures in other orientations falls between these two
extremes. It should be noted that the xy plane defined for the
wear test corresponds to the sliding surface and differs from the
XY plane of the build orientation.

For the vertical sample with more columnar grains
(Fig. 14a), nearly all the tangential force in the S,_; direction
facilitates slipping. In contrast, a significantly larger force is
necessary to induce slipping in the S, direction, as the force
has only a small component aligned with the slipping direction.
Consequently, the S, direction exhibits greater resistance to
slipping.

As illustrated in Fig. 14b, the equiaxed structure bends as
the indenter moves, enhancing the tangential force component
in the slipping direction. This leads to easy slipping occurring
inboth the S, ; and S, directions. These findings are in line
with those reported by Yang et al. [18] on the wear anisotropy
of AM components. This analysis indicates that sliding occurs
more easily in horizontal samples along certain directions com-
pared to vertical ones, due to the tangential force components
and the grain morphology.

On the other hand, the vertically built specimens exhibit
higher average Schmid factors for the dominant basal and pris-
matic slip systems, meaning that a larger fraction of grains are
crystallographically oriented in a manner that promotes slip
activation under the applied stress state. According to Schmid’s
law, plastic deformation in crystalline materials begins when
the resolved shear stress acting on a slip system reaches the
critical resolved shear stress (CRSS), and therefore grains with
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higher Schmid factors can activate slip more readily under the
same external load [72].

During sliding wear, the stress field beneath the contact is
dominated by significant shear stresses generated by the tan-
gential force component. In ductile metallic materials, such
shear stresses are often accommodated through severe plastic
deformation and dislocation motion beneath the contact inter-
face rather than immediate fracture [73]. Consequently, grains
that are favorably oriented for slip can plastically accommo-
date the imposed shear strain more efficiently, which reduces
the likelihood of brittle asperity fracture and the formation
of wear debris. Previous studies on sliding wear mechanisms
have shown that surface asperities may either fracture to form
wear particles or deform plastically depending on the local
stress state and the material’s ability to accommodate plastic
strain [74, 75].

Therefore, the higher hardness of the horizontal specimens
increases their resistance to deformation, whereas the higher
Schmid factor of the vertical specimens promotes easier slip
activation and plastic accommodation of shear stresses dur-
ing sliding. These two microstructural characteristics repre-
sent different mechanisms controlling deformation within the
subsurface region during wear. As a consequence, the effec-
tive shear response of both orientations becomes comparable
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under the applied sliding conditions. The combined effects
of grain geometry and microstructural properties result in a
similar effective subsurface response, leading to the nearly iso-
tropic wear behavior observed in both horizontal and vertical
samples.

4 Conclusions

In this work, Ti6242 alloys were successfully manufactured
utilizing the EB-PBF process. Subsequently, the defect con-
tent, microstructure, mechanical, and wear characteristics
of the samples produced in horizontal (0°) and vertical (90°)
build directions were evaluated. The principal outcomes can be
drawn as follows:

e EB-PBF processing of Ti6242 produced a non-uniform
microstructure with a basketweave o+ 3 phase pattern,
featuring equiaxed grains in the XY plane and columnar
grains in the XZ plane; vertically built specimens ex-
hibited larger voids (~500 pm) due to distinct thermal
histories compared to horizontal samples.

e EBSD results showed a predominantly random
o-lamellar orientation without distinct texture, and
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the vertical sample exhibited slightly higher average
Schmid factors for basal and prismatic slip systems.
This suggested a more favorable slip orientation, yet the
minor mechanical differences indicated that deforma-
tion was chiefly governed by microstructural strength-
ening rather than texture.

e The higher fraction of the a phase and greater disloca-
tion density in the horizontally built sample, together
with the presence of smaller pores and a refined micro-
structure characterized by a lower Schmid factor, result-
ed in a partial increase in the surface hardness compared
to the vertically built specimen.

e The wear path of the Ti6242 alloy exhibited numerous
grooves, indicating that abrasive wear was the prima-
ry mechanism. At 450 °C, the COF was lower than at
250 °C and similar to the COF observed at room tem-
perature (~0.5). The improved COF at 450 °C, relative
to 250 °C, can be ascribed to the higher oxygen concen-
tration, fostering the formation of more stable titanium
oxide with self-lubricating properties. Despite differ-
ences in hardness and microstructure, both orientations
exhibited comparable wear behaviour under a 5 N load,
confirming near isotropic wear resistance. This isotropy
resulted from the combined effects of surface finishing
and balanced shear response in both directions.
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