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ARTICLE INFO ABSTRACT

Keywords: Titanium's extensive use in several applications, such as in aeronautical or automotive parts or biomedical im-
Cold spray additive manufacturing plants, necessitates the development of Ti components in diverse shapes and sizes. Moreover, these components
Titanium

are usually subjected to mechanical wear, as that generated in the contact between materials subjected to a back-
and-forth relative motion. Therefore, this study investigates the applicability of Cold Spray Additive
Manufacturing (CSAM) for producing pure Ti components, focusing on their tribological properties under
reciprocating sliding conditions. Two CSAM Ti samples sets, fabricated with different process parameters (55 bar
and 800 °C for Ti-55-800, and 60 bar and 1000 °C for Ti-60-1000), were evaluated. Microstructural analysis by
optical and scanning electron microscopy showed that the Ti-60-1000 sample had approximately 30 % lower
porosity than the Ti-55-800 sample, as well as larger bonding areas between splats. Mechanical testing, including
hardness and elastic modulus measurements via nanoindentation, and tribological analysis showed similar wear
behavior at the local scale, with the Ti-60-1000 sample exhibiting higher hardness (2.37 GPa). Wear behavior
was assessed at the microscale through scratch tests, and at the macroscale using pin-on-disc tests under
reciprocating sliding conditions. The Ti-60-1000 sample presented a higher macroscopic wear resistance due to
the enhanced bonding between splats observed in its microstructure. The study highlights the importance of
reducing porosity and increasing bonded areas in CSAM Ti samples to enhance their mechanical and tribological
properties. These findings suggest that CSAM technology holds promise for manufacturing Ti parts for different
applications, offering environmental and economic benefits.

Micro-scratch wear
Reciprocating sliding wear

1. Introduction topologically optimized structures that significantly reduce component

mass while maintaining high mechanical performance. The process al-

The extensive use of titanium (Ti) in numerous applications neces-
sitates the development of Ti components in various shapes and sizes
while displaying the required properties. To address a wide range of
high value-added applications, such as those found in the aerospace
industry, it is essential to rely on a manufacturing technique capable of
adapting to demanding requirements in both geometry and perfor-
mance, while ensuring minimal material waste. In this context, additive
manufacturing, or 3D printing, emerges as a highly advantageous option
[11.

Additive manufacturing (3D printing) of aerospace alloys offers
substantial advantages, enabling the production of lightweight,
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lows the fabrication of geometries that are impossible or highly ineffi-
cient to achieve through conventional machining, such as internal
cooling channels, lattice architectures, and consolidated multi-function
components. For high-value materials like Ti-6Al-4V, 3D printing
dramatically lowers the buy-to-fly ratio by minimizing waste, making
the process both cost-effective and sustainable. Rapid solidification
during printing often results in refined microstructures that meet or
exceed the strength and fatigue properties of forged alloys, especially
after appropriate heat treatments. Additionally, additive manufacturing
shortens lead times, reduces the need for tooling, and supports on-
demand production of complex aerospace components, offering major
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benefits for prototyping, customization, and maintenance operations
[2], [3]. Consequently, the development of Ti products through additive
manufacturing is of particular interest. To mention a few examples, this
material is used for landing gear parts in aeronautics, for automotive
engine parts, or for medical implants, where complex forms are required
[4], [5]. Most of these components are deteriorated by wear, as that
arising at the contact between two components which are subjected to a
cyclic back-and-forth relative motion.

The material processing technique significantly influences the final
properties of the material and its sustainability, which is especially
relevant for light metal components due to their high processing costs
and scarcity [6], [7]. Several studies have already reported the suc-
cessful deposition of titanium, titanium alloys and titanium compounds
using different thermal spray and additive manufacturing techniques
such as plasma spraying, high-velocity oxy-fuel (HVOF) or flame spray
[8], [9]. However, as a light metal alloy, Ti exhibits high reactivity,
posing challenges for processing techniques that involve
high-temperature procedures. In this context, Cold Spray (CS) technol-
ogy is highlighted for its use of low processing temperatures during
spraying, which means that the feedstock powder is sprayed in a solid or
semisolid state [10]. In recent years, researchers have shown increased
interest in this technology, initially for repair purposes and more
recently for additive manufacturing of Ti components [11], [12]. The
advantages of this technology stem from the fact that particles are
sprayed in a solid or semi-solid state [10]. This allows the coating to
preserve the chemical and structural phases of the feedstock material,
preventing oxidation. Additionally, the absence of a melting process and
subsequent solidification avoids the generation of residual stresses in the
coating, enabling the creation of thicker coatings compared to other
thermal spray techniques. Consequently, this technology is now being
studied for additive manufacturing. Furthermore, CS coatings can
enhance the mechanical properties of the material due to the cold work
hardening effect from the plastic deformation of the particles.

Recent studies show that CSAM pure Ti samples present similar
features as those of the CS pure Ti samples from the microstructural and
mechanical points of view [13], [14]. CS pure Ti coatings have been
extensively investigated from microstructural [15], [16] and mechani-
cal perspectives [17], [18]. These works reveal that Ti bonding mech-
anisms have unique characteristics compared to other materials due to
Ti's lower plastic deformation capacity compared to metals like Cu or Al.
Consequently, the CS process requires significantly higher kinetic en-
ergy to ensure particle cohesion. Dense coatings have been achieved
using higher particle velocities [16], [17], and employing a light gas like
He and N, with process gas temperatures over 800 °C and pressures over
4 MPa. Despite challenges in obtaining dense Ti materials by CSAM, this
technique offers mechanical behavior advantages. Hardness studies of Ti
CS samples show increased hardness compared to bulk or feedstock
material [13], [17], [18], with hardness values ranging from 2 to 3 GPa
for CS pure Ti samples, slightly above bulk Ti values of 1.5 to 2 GPa [19],
[20].

To evaluate a material for a particular application in which me-
chanical wear occurs it is necessary to study the wear behavior through a
representative wear configuration similar to the actual wear system.
Abrasive wear is one of the most widespread and technically relevant
wear processes, making abrasive wear resistance a key performance
indicator in industrial materials subjected to sliding or particulate con-
tact. Abrasive wear is a critical degradation mechanism in titanium al-
loys used in aerospace structures, where components are routinely
exposed to particulate matter, fretting interfaces, and harsh operating
environments. The combination of relatively low hardness and high
reactivity in Ti-based alloys, such as Ti-6Al-4V, can exacerbate material
loss under abrasive conditions, directly affecting dimensional stability,
surface integrity, and service life. Given that wear-induced damage can
compromise structural reliability, increase maintenance demands, and
limit component longevity in demanding aeronautical settings, evalu-
ating abrasive wear resistance becomes essential [21]. For this reason,
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wear has been evaluated in CS pure Ti samples under different abrasive
conditions. Most tribological characterizations of Ti CS samples until the
date involve ball-on-flat tests to evaluate Ti wear behavior for general
engineering applications [22], [23]. Investigated motions include linear
reciprocating [23] and rotational [22]. Linear reciprocating studies
were performed with 6 mm diameter balls made of various materials
(alumina, steel, and silicon nitride), with linear velocities ranging from
1 mm/s to 20 mm/s and loads between 0.5 and 9 N. The wear rates were
in the order of 10~* to 10~> mm®/Nm. Conversely, rotational wear tests
used a steel ball, with wear rates in the order of 104 mm®/Nm [22].
Additionally, only one paper reports micro-scratch test analyses on CS
pure Ti coatings [24], investigating wear behavior through scratch tests
on low porosity (<2 %) CS Ti coatings. This study reveals effects such as
microfractures and particle decohesion caused by the scratch action, but
no quantitative wear rates are provided. However, the tribological
characterization of CS or CSAM pure Ti coatings has been scarcely
investigated, making current studies insufficient to determine the
applicability of CSAM samples. Particularly, to the authors’ knowledge,
there are no studies related to wear under back-and-forth sliding con-
ditions. It is worth noting that wear analyses of Ti alloys, like Ti6Al4V,
showed higher wear rates in reciprocating conditions compared to
continuous conditions [25]. This particular sliding mode is found, for
example, between the elements of wing flap mechanisms or landing
gears retrieving mechanisms of an airplane [26], as well as on hip im-
plants in the field of biomedicine [27]. These wear systems are generally
lubricated in service, and thus, the lubrication should be considered in
the experimental evaluation of the wear behavior. However, pre-
liminary investigations are often conducted without lubrication in order
to explore the behavior of the materials and the wear mechanism [28],
[29]. The unlubricated studies are important in order to identify features
to first minimize wear in dry conditions. In this step, the material wear
response can be improved, for example, by modifying the processing
parameters of the sample fabrication procedure or performing a surface
treatment. However, before moving in that direction, it is necessary to
first investigate how CSAM-fabricated Ti components behave under
standard processing conditions when subjected to reciprocating wear.
This step is essential to determine whether CSAM can produce titanium
parts with adequate tribological performance. The present study there-
fore provides a foundational assessment that can serve as a basis for
future work aimed at producing components using optimized spraying
parameters to further improve their tribological performance.

For this reason, the aim of this work is to evaluate the tribological
properties under reciprocating sliding conditions of CSAM pure Ti
samples. Two CSAM samples sets fabricated with different process gas
temperatures and pressures were evaluated. The microstructure of the
samples was analyzed, followed by hardness and elastic modulus mea-
surements via nanoindentation. Wear behavior was first analyzed at
microscale through scratch tests and then, macroscale wear tests were
performed by pin-on-disc tests under bidirectional sliding conditions.
The results are discussed to evaluate the potential application of Ti
CSAM samples for components subjected to back-and-forth sliding wear.
Additionally, the study provides insights into CSed materials charac-
terization by distinguishing properties at the macroscopic scale,
considering the entire deposited material, affected by inherent defects,
from those at the microscopic scale unaffected by defects like porosity.
Evaluating properties at microscale is particularly important for opti-
mizing CSAM samples.

2. Materials and methods
2.1. Cold spray samples deposition

Two different CSAM Ti samples sets were studied in this work, each
fabricated under distinct spraying conditions. Fabrication was carried

out using a Plasma Giken PCS100 cold spray system at the Thermal
Spray Centre (CPT, Barcelona, Spain). The feedstock material used for
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spraying was pure Ti (grade 2) powder provided by AP&C (Boisbriand,
QC, Canada). Moreover, the CSAM samples were built up on commercial
Ti6Al4V plates, which were previously treated by grit-blasting. Spraying
was performed with nitrogen as process gas, maintaining a stand-off
distance of 40 mm and a 90° angle relative to the substrate. The tra-
verse speed was set at 500 mm/s, with a track spacing of 1 mm. The cold
spray parameters varied for each studied sample set were the process gas
pressure and temperature. They were defined at 55 bar and 800 °C for
the first sample set, and 60 bar and 1000 °C for the second one. In this
work, these samples sets will be named as Ti-55-800 and Ti-60-1000,
respectively.

The selection of these spraying conditions is based on literature.
Previous studies have already reported the CS parameters that give rise
to dense pure Ti samples using nitrogen as process gas. The first studies
in literature demonstrating dense CS pure Ti samples showed that such
compact deposits could be achieved using nitrogen as the process gas
working at around 800 °C and 40 MPa [17], [30]. The subsequent
introduction of next-generation cold spray systems, capable of operating
at higher temperatures and pressures, has since enabled the reliable
production of dense Ti deposits under higher values of the process gas
conditions, with the upper limits explored reaching 900-1000 °C and 60
MPa [31], [32]. Within this expanded processing envelope, the two
selected parameter sets in the present work are justified as follows: the
first establishes a moderate temperature known to be effective for Ti,
and the second represents the practical maximum for spraying pure Ti
powder.

2.2. Microstructural characterization

X-ray diffraction (XRD) analyses were conducted on the powder and
CSAM samples to characterize the structural phase composition. The
experiments were conducted with a Philips PW3040/00 X'Pert MPD/
MRD equipment. The diffraction patterns were recorded using an angle
step of 0.02°, while the angle width varied from 15° to 100°. The peak
identification was done using the PDF-54/Web database (based on the
International Centre Diffraction Data, ICDD).

The samples microstructure was examined to evaluate their quality.
For this purpose, metallographic preparation was performed on cross-
sectional cuts of the samples obtained from both parallel and perpen-
dicular spraying directions. The typical three-step preparation proced-
ure was followed to achieve a mirror-like surface: grinding with 320 grit
SiC paper, polishing with 9 pm diamond paste, and final grinding with
colloidal silica suspension (0.04 pm).

The samples were initially analyzed using optical microscopy to
measure their thickness and porosity. A Motic BA310 Met-T optical
microscope was employed for this purpose. Thickness was determined
from the average values of at least 30 measurements taken along the
sample's cross sections. The porous distribution was found to be inho-
mogeneous along the sample thickness, so porosity was calculated at
three different zones: the first zone from the interface with the substrate
up to 500 pm, the second one from 500 to 1500 pm, and the third from
1500 pm to the sample's surface. The porosity value in each zone was
obtained as the average percentage porosity calculated from five
different images (at 50 x magnification) for each sample.

The samples were then examined using scanning electron micro-
scopy (SEM) to evaluate the bonding between different splats, as well as
between the splats and the substrate, and to analyze the splats'
morphology. Additionally, the feedstock powder morphology and
chemical composition were investigated using SEM. A Hitachi S3400N
scanning electron microscope was used to acquire secondary electron
(SE) and backscattered electron (BSE) images. Furthermore, energy
dispersive X-ray microanalysis (EDX) was employed to characterize the
chemical composition, using a Bruker XFlash 5010 EDX detector
attached to the microscope. For the SEM investigation, the samples were
etched with Kroll's reagent.
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2.3. Mechanical properties

Nanoindentation tests were performed on the feedstock powder and
samples to measure hardness (H) and elastic modulus (E). The tests were
conducted on the longitudinal and transverse samples sections and on
the cross sections of the Ti particles used for spraying. The samples were
metallographically prepared before testing. For this purpose, the sam-
ples were mounted in epoxy resin, while the powder was mounted in a
Sn-Ag matrix to provide a relatively stiff matrix for the Ti particles. This
latter mounting procedure has been previously reported [33], [34] as a
method to increase the penetration depth range where valid E and H
values can be obtained.

A matrix of 30 indents was performed on the samples to obtain the
average and standard deviation values of the calculated mechanical
properties in the tests. The data analysis to obtain hardness and elastic
modulus was conducted following the Oliver and Pharr methodology
[35], and tip calibration was performed on a Ti6Al4V alloy (E = 110
GPa). The indentations were conducted using the continuous stiffness
measurement (CSM) technique. The CSM consists of superimposing a
dynamic oscillation of continuous loading and unloading cycles to the
loading movement applied to the indenter. From these measurements, it
is possible to obtain the contact stiffness from the slope of the initial
unloading curves in each cycle. Therefore, this allows to determine the
evolution of the mechanical properties as a function of the indenter
penetration depth. In this work, the maximum indentation depth was set
at 2000 nm for the CSAM samples and 300 nm for the powder particles,
and the oscillations were done with an amplitude of 2 nm and a fre-
quency of 35 Hz.

The harmonic contact stiffness vs. indentation depth curves were
examined beforehand to discard data ranges affected by factors such as a
low stiffness mounting medium (for the powder) or porosity (for the
samples) [33]. The criteria for selecting the valid data range for calcu-
lating the elastic modulus and hardness were based on the linear cor-
relation of harmonic contact stiffness with indentation depth [36], as
illustrated in Fig. 1a. This figure shows a representative example of the
obtained harmonic contact stiffness curves indicating how in this test
the valid data range for the mechanical properties analyses was up to
500 nm of penetration depth.

Conversely, Fig. 1b presents the evolution of hardness as a function
of penetration depth for a test conducted on one of the samples as a
representative example. This graph shows that the available data range
for the analysis was affected by the indentation size effect [37], that is,
the hardness variation with the applied load. It can be seen in the figure
that the validated data range for the mechanical properties analyses was
entirely affected by this effect, and thus the hardness did not reach an
asymptotic value. The asymptotic hardness was therefore evaluated
using the Nix and Gao model [37] as shown in Fig. 1b.

2.4. Scratch resistance

Scratch tests were conducted to characterize the abrasive wear
caused by hard particles on the materials under study. The scratches
were made at the nanoscale using the same nanoindenter as for the
nanoindentation tests, with the same Berkovich indenter oriented face-
forward during the tests.

The tests were performed on the samples’ cross sections, which were
previously metallographically polished. Scratches were made over a
length of 200 pm, applying a constant normal load (F,,) of 30 mN and a
speed of 10 pm/s. Six test replicas were conducted on each sample. The
data collected from each scratch test included the longitudinal profile
and the coefficient of friction (COF). Additionally, the transverse
topography of the residual groove was measured through three cross
profiles, spaced 25 pm.

To calculate the wear rate, the residual groove volume per unit
distance was estimated using a confocal microscope (Lambda-2, Rtec
Instruments) and a data analysis software (Gwyddion). Regions without
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Fig. 1. a) Harmonic contact stiffness and b) hardness evolution with the indentation depth obtained from an indentation performed on the Ti-60-1000 sample. The

asymptotic hardness estimated using Nix and Gao model has been also included.

pores were selected from the entire 3D image of the groove, as shown in
Fig. 2, to calculate the volume. First, median leveling was applied to the
surrounding surface of the groove to set the reference plane. Then, the
displaced wear volume was estimated by applying a mask with a
threshold to select the data from the surface plane (reference plane) to
the deepest point in the groove. Conversely, the pile-up volume was
estimated by applying an inverted mask, from the surface plane to the
highest point in the pile-up. Both the displaced wear volume and the
pile-up volume were expressed per unit distance using the correspond-
ing length measurement in each groove section. The results report the
average and standard error of at least five measurements from different
groove sections for each material.

Finally, to characterize the wear resistance to scratching, a specific
wear rate, ks, was calculated using the Archard equation [38]. This
constant represents the ratio of the removed material volume by sliding
distance (w) by the applied normal load (F,), expressed in units of
mm>/Nm.

2.5. Wear behavior under reciprocating conditions

The tribological tests at the macroscale were conducted under
reciprocating sliding conditions using a pin-on-disc tribometer (Wazau
TRM 1000). A schematic illustration of the pin-on-disc configuration
performing a back-and-forth motion is shown in Fig. 3, which includes a
transverse view and a plane view. The distance from the disc center to
the pin position (R) was 26 mm. Pieces with a flat surface area of 2.5 x 5
mm? were prepared from the CSAM samples under study to serve as the
pin, while the discs were fabricated from 100Cr6 steel (R, = 0.62 + 0.07
pm, 760 + 17 HV). The tested pieces correspond to different samples
within the sprayed sets. The samples were cleaned and degreased before
the tests, but the roughness was not modified; the surface roughness of

Fig. 2. a) 2D image of an entire wear scar of a scratch test performed on the Ti-
60-1000 sample, b) a 2D image with height scale bar of the groove section
without pores squared in (a) and (c) its corresponding 3D image.

b)
a) Reciprocating
«=}=--> movement  Reciprocating
F, movement
Disc

Worn track

Fig. 3. Schematic representation of the a) transversal and b) plane view sec-
tions of the pin on disc configuration performance under recipro-
cating movement.

the CSAM samples generated during deposition was maintained. The
roughness of both the CS samples and the discs was measured using the
same confocal microscope employed for volume estimation in the
scratch tests.

The wear behavior of the samples was investigated under three
different sliding amplitudes while keeping all other test parameters
constant. The tests were performed at room temperature and at a con-
stant contact pressure of 6.6 MPa between the pin and the disc. In the
present configuration, the reciprocating movement is performed along
an arc length rather than along a linear length, as shown in Fig. 3b. The
selected arc lengths in this study were set defining the following central
angles: 30°, 60°, and 120°. With the frequency set constant at 0.9 Hz, the
sliding velocities were 24.5, 49, and 98 mm/s, respectively for each
angle. These testing conditions were selected to simulate a bidirectional
movement for different applications. Additionally, a wear limit was
established by setting a maximum wear depth of 1 mm, detected using a
linear variable differential transformer sensor (LVDT). This condition
determined the total number of cycles and, consequently, the total
sliding distance of the wear test for each oscillation angle and for each
material. Two replicas of each testing condition were conducted. In all
the samples tested the results obtained were in a reasonable agreement.

The wear rates were calculated using the Archard equation for
abrasive wear [39]. To estimate the wear volume, the weight loss of the
pins was measured by weight difference, using a balance (Metler
Toledo) with five decimal digits for precision. Conversely, the coeffi-
cient of friction (COF) was continuously recorded during the tests. The
average COF value reported in the paper was calculated as the mean
value of the data range where the COF stabilized.

3. Results and discussion
3.1. Microstructural characterization
Fig. 4a shows an image of the feedstock pure Ti powder. The particles

were spherical in shape and exhibited varying sizes. The particle
diameter size distribution, shown in Fig. 4b, indicates that the diameters
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Fig. 4. a) SEM image showing the feedstock powder with spherical
morphology, b) the particles size distribution in terms of the diameter.

ranged between 5 and 50 pm, with a mean value of 25 + 9 pm.

The structural phase composition of the powder was characterized
by XRD (Fig. 5). The diffraction pattern was indexed with the PDF card
01-086-2608, which corresponds to the a-Ti phase (hexagonal close-
packed (hcp) structure, P63/mmc space group, a = b = 2.951 Aandc
= 4.681 A). The 20 positions of the three principal diffraction peaks of
this phase are, in order of diffraction intensity magnitude: 40.16°,
38.43° and 35.08°.

Fig. 5 also reports the XRD patterns obtained from the CSAM sample
surfaces. The diffraction peaks of the a-Ti phase were shown to be
shifted 0.5° to the left for both studied samples, Ti-55-800 and Ti-60-
1000. This peak shift is typically observed in CS samples, and it is
related to the residual stresses generated during spraying [40].

The external appearance of the as-sprayed samples exhibited a wavy
texture created by the CS deposition process, which involved spraying
the powder in parallel lines. The texture was similar for both samples, as
they presented comparable roughness values, as reported in Table 1.

Fig. 6 presents transverse cross-sections of the as-sprayed samples.
The sample thicknesses were quite similar, with the Ti-60-1000 sample
being 13 % thicker than the other. Additionally, the samples showed a
non-homogeneous porosity distribution. The SEM images (Fig. 6) clearly
show that the upper region of the samples exhibited a higher level of
porosity, particularly in the Ti-55-800 sample. This variability was
quantified by measuring the porosity in three different regions along the
sample thickness, as shown in Fig. 7a. The zone next to the substrate
represented the first 500 pm of sample height, the second zone consisted
of the following 1000 pm, and the third zone included the remaining
part from 1500 pm up to the sample's top surface. The porosity distri-
bution followed a similar trend along the thickness of both samples
(Fig. 7b). The first zone had similar porosity compared to the middle
zone, while the porosity significantly increased in the upper region.
Additionally, the Ti-55-800 sample exhibited higher porosity, ranging
between 8.8 % and 19.9 %, compared to the Ti-60-1000 sample, which
ranged between 5.8 % and 9.8 %. Thus, the porosity was reduced by up
to about 30 % in zones 1 and 2 in the Ti-60-1000 sample.

Ti-60-1000
= Ti-55-800

Ti feedstock powder
= a-Ti
8
1]
<
=5
o
) )

30 40 50 60 70 8 90

26(°)

Fig. 5. XRD pattern of the powder and of the CSAM samples Ti-55-800 and Ti-
60-1000.
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Table 1
Arithmetic average roughness (R,), root mean square average roughness (Rg)
and maximum height profile (R,) of the as-sprayed samples surface.

CS Sample R, (pm) Rq (um) R, (pm)
Ti-55-800 8.45 + 0.48 10.43 + 0.66 50.75 + 3.53
Ti-60-1000 8.77 £ 0.95 11.06 + 1.19 55.53 + 6.80

Fig. 6. BSE images of transversal cross-sections of the a) Ti-55-800, and b) Ti-
60-1000 samples. The average thickness of the coatings is also included.

b) —
20{ [=—Ti-55-800
—e— Ti-60-1000
< 154
é
=
3 101
(o]
o
5
0

Zor;e 1 Zoﬁe 2 Zor;e 3

Fig. 7. a) OM micrograph of the Ti-60-1000 sample showing the sample
transversal section partition in three zones to quantify the porosity distribution;
and b)graphic representation of the porosity distribution along the three
defined zones of the Ti-55-800 and Ti-60-1000 samples cross sections.

Fig. 8 shows cross-sectional images of the etched microstructure of
the samples under study. The characteristic splat microstructure of cold-
sprayed samples was observed. Additionally, a martensitic microstruc-
ture can be distinguished within the splats. Metallurgical bonding was
generated between the splat interfaces, with some marked as dotted
lines in Fig. 8. It was observed that the bonding areas along the interface
of each individual splat were larger in the Ti-60-1000 sample, as seen in
Fig. 8.

The microstructural analysis aligns with literature, as an increase in
the process gas temperature and pressure is known to lead to denser
coatings. This result has been demonstrated particularly for CS pure Ti in
a work by Gulizia et al. [41], where they examined the microstructure of
sprayed samples at process gas pressures ranging from 2 to 3.5 MPa and
temperatures between 400 and 800 °C. The porosity analyses of those

) Ti55-800

Fig. 8. SEM micrographs of cross sectional cuts of a) Ti-55-800 and b) Ti-60-
1000 samples. The samples were etched with Kroll's reagent.
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samples showed that the increase in gas temperature and pressure led to
denser samples. Moreover, Zhou et al. [42] have experimentally proven
that titanium coatings with lower porosities are obtained when spraying
with higher process gas temperatures because the interfacial bonding is
improved. Conversely, the effect of these process gas parameters on the
formation of denser samples has been extensively explained based on the
effect of the process gas temperature and pressure on increasing the
spraying velocities of the particles, and thus their plastic deformation on
the impact [10], [43]. Ultimately, a higher degree of plastic deformation
of the particles generally improves sample compaction, reduces
porosity, and generates harder samples due to the cold work effect
during deformation. In this work, increasing the process gas temperature
from 800 to 1000 °C and the pressure from 55 to 60 bar resulted in a 30
% decrease in porosity. Comparing these porosity values with previous
studies, the sample sprayed at 1000 °C and 60 bar exhibited similar
porosity values to those reported for a CS pure Ti coating sprayed at
1000 °C and 50 bar by Khun et al. [44], which ranged between 4.6 % and
8.2 %. Additionally, the same non-homogeneous porosity distribution
along the sample thickness was observed by Khun et al. [44], who also
analyzed porosity in three different sections. Conversely, some studies
have reported lower porosity coatings for lower process gas tempera-
tures and pressures than those used in the present work. Ajaja et al. [17]
and Goldbaum et al. [18] both reported porosity values lower than 3 %
and a thickness of 2 mm in CS pure Ti coatings sprayed at 800 °C and 40
bar. This outcome indicates that other parameters in the CS process can
affect sample development.

3.2. Mechanical properties

The E and H of the samples showed similar values in both the lon-
gitudinal and transverse cross-sectional cuts, as shown in Table 2. This
result indicates that there was no anisotropy due to the spraying process.

The E of the CS samples was similar to that of the feedstock powder
and consistent with the reported values in the literature for Ti Grade 2
(105-110 GPa [6]). Conversely, the average H value increased by 38 %
and 71 % in the Ti-55-800 and Ti-60-1000 samples, respectively,
compared to the feedstock powder H, which was 1.41 GPa. However, the
H increase was not significant for the Ti-55-800 sample, considering the
measurement dispersion. The H was also shown to be higher compared
to the reported H for bulk Ti Grade 2 material (1.5-2.0 GPa [19], [20]).
Therefore, it was deduced that the H increase was more significant for
the sample sprayed at higher process gas temperature and pressure. This
result is characteristic of CS samples due to the fabrication process,
which is based on the plastic deformation of particles [10]. The particles
undergo work hardening when sprayed onto the substrate, usually
resulting in an H increase. Previous studies on CS pure Ti samples also
reflect similar results, reporting hardness values between 2 and 3 GPa
[131, [17].

3.3. Scratch resistance

Fig. 9 shows SEM images of the wear grooves formed on the CS
samples by the scratch tests performed at a local scale. The microscopy
analysis revealed that the grooves on both samples exhibited similar
features. All the grooves showed inhomogeneous pile-up (as observed in
Fig. 9a and b), which is a feature associated to plastic deformation by
ploughing [45]. Moreover, it was observed that there was a material

Table 2

Wear 595 (2026) 206691

Ti-60-1000

Ti-55-800
'
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Fig. 9. SEM images showing the wear scar left on the Ti-55-800 (a and c), Ti-
60-1000 (b and d) samples after the scratch tests. The upper images correspond
to the end of the groove, while the ones below correspond to higher magnifi-
cation images to highlight the abrasion grooves within the scratch.

chip at the end of the grooves (Fig. 9b and c), what is characteristic of
plastic deformation by wedge formation. Regarding the pile-ups, there
are regions with no pile-up (indicated by black arrows in the figures) and
others with material accumulation at the groove edge (indicated by
white arrows, with the groove edge marked by a dotted line). This in-
dicates that the pile-ups generated at each point were not solely a
consequence of the ploughed material at that specific point, as material
accumulation could also result from ploughed material from previous
positions (wedge formation). Additionally, the transverse profiles in
Fig. 10 also indicate pile-up development during the scratch tests. These
profiles correspond to a scratch test performed on the Ti-60-1000 sample
at different positions along the scratch groove, reflecting the
non-homogeneity of the pile-up morphology and height. The presence of
pile-up confirms the assumption that titanium behaves as a ductile
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Fig. 10. Transversal profiles corresponding to a scratch test performed on the
Ti-60-1000 sample showing the pile-up morphology.

E and H values of the Ti-55-800 and Ti-60-1000 samples and the Ti feedstock powder used for spraying.

Material Elastic modulus, E (GPa) True hardness, H (GPa)
Transversal cross section Longitudinal cross section Transversal cross section Longitudinal cross section
Ti-55-800 116 £ 6 115+ 5 1.96 + 0.51 1.94 £+ 0.64
Ti-60-1000 110+ 5 108 + 4 2.37 £0.29 2.41 £0.24
Powder 117 £ 3 - 1.41 +0.52 -
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material, with plastic deformation being the dominant wear mechanism
[45]. Furthermore, the grooves exhibited abrasion scratches within
them (Fig. 9c and d).

The COF study revealed that its value remained constant during the
scratch test when there was low porosity along the scratch line. Fig. 11
shows representative graphs of the COF evolution along the scratch
distance for the Ti-55-800 sample. The COF graphs correspond to a test
performed along a line with low porosity and another along a line with
pores. It can be observed that the COF was variable when pores were
present, while it remained constant when there were no pores. This
result indicates that the wear mechanisms during the scratch were stable
in the absence of microdefects, such as porosity. Moreover, the COF
variability was associated with the effect of discontinuities and pores,
but not with variations in wear processes. The mean COF values for the
Ti-55-800 and Ti-60-1000 samples were estimated to be 0.40 + 0.07 and
0.31 £ 0.04, respectively.

To use the Archard equation to evaluate the specific wear rate, kg, the
volume of material removed by wear was measured. The wear volume,
w, is typically calculated by measuring the weight loss of the sample
after the test or by quantifying the residual volume of the groove left in
the sample. In a micro-scratch test, it is not possible to measure the
weight loss because the amount of worn material is too small to be
detected with a balance. Instead, the residual groove volume left by the
indenter can be estimated through optical measurements. However, as
in this work, when the main wear mechanism is plastic deformation, it
must be considered that this residual volume results from both the de-
tached worn material and the material ploughed to the sides or front of
the indenter. Therefore, to calculate w, the displaced material per unit
distance of the residual groove (v) was first estimated using a confocal
microscope, as described in the methods section (Section 2.4). The re-
sults show that v was similar in both CS samples (Table 3).

To separate the detached material from that displaced to the sides or
front of the indenter, the f, parameter described by Zum Ghar [46] can
be used. This parameter considers the volumes of the residual groove (v)
and the pile-ups (v,) from a cross profile. However, this parameter is
only suitable for situations where the pile-up is homogeneous, meaning
the material constituting the pile-up at each point is a result of the
displaced material from the immediately preceding position. Alterna-
tively, when the pile-up is not homogeneous, the material at each point
may consist of displaced material from the immediately preceding po-
sition plus accumulated material from earlier points, carried forward by
the indenter. Therefore, f, was calculated using Equation (1), with v
and v, calculated from a groove portion, rather than using the areas of a
single cross profile. The estimated volumes (v and v;), as well as the fg
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Fig. 11. Representative graphs of the COF evolution with the scratch distance
for a test performed along a low porosity region and another one along a region
with pores. The tests were performed on the Ti-55-800 sample.
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Table 3

Results of the displaced wear volume by the indenter per unit distance (v), the
pile-up volume per unit distance (v,), the f, parameter, the removed material
volume per unit distance (w) and the wear rate (k).

Material v (mm®/m) Vp (mm®/ fab w (mm®/ ks (mm®/
m) m) Nm)
Ti-800 (6.08 + (3.55 + 0.42+0.16  (2.53 + (8.4 +
1.49)10™%  0.78).107* 0.62)-107*  2.1)-107°
Ti-1000  (5.61 + (3.46 + 0.38 £ 0.24 (2.15=+ 7.2+
1.07)-10™*  1.30)-107* 0.41)-107*  1.4).107°

parameters, are reported in Table 3. The fy, was slightly higher in the
Ti-55-800 sample, but the difference was not significant. This implies
that the contributions of ploughing and cutting to the material
displacement process are similar for both samples. When this parameter
is closer to 1, this means that the cutting action prevails, while the
ploughing action prevails when the fy};, parameter is closer to 0. For the
studied materials, it has been seen that the f,, is around 0.4, what in-
dicates that the ploughing process is slightly more dominant than the
cutting one. That is, when a hard particle scratches the surface of these
samples, their ductile nature tends to deform their surfaces, while
reducing the detachment of material.

fa=0-v,) /v (Equation 1)
Therefore, the k; values were obtained using w, estimated as the product
of the fgp parameter and v (Table 3). The results indicate that the Ti-55-
800 sample exhibited a higher k, than the Ti-60-1000 sample, although
the mean values are not significantly different when considering the
error. It should be mentioned that the non-zero value of the removed
material volume indicates that there was material removal during the
test, and thus, plastic deformation also occurred by the cutting mode, in
which material is detached from the surface.

Therefore, the microscopy analysis along with the wear removed
volume evaluation has shown that the three wear processes of plastic
deformation occurred simultaneously during the scratch experiment.
These wear processes are: ploughing (when material is displaced to the
sides of the indenter without removal), cutting (when material is de-
tached from the surface), and wedge formation (a form of ploughing at
the front, where a fraction of the ploughed material remains on the
surface, and another is detached) [45].

The scratch test study has allowed for the intrinsic analysis of the
wear performance of the materials, although some microstructural fea-
tures, like porosity, should be considered. The complexity that the
presence of pores generates derives from the fact that the pores result in
discontinuities along the scratch path. This implies that there are gaps of
material along the scratch where the ploughing action is interrupted. In
essence, there is an edge effect when the indenter finds a pore along its
path. The importance of microstructural features, such as porosity, on
scratch resistance has been previously highlighted by Pitchuka et al.
[47] in their work on the scratch evaluation of Al amorphous CS coat-
ings. Scratch tests were performed at different scales, with scratch dis-
tances of 0.01 mm or 2 mm, so that the scratches crossed either one splat
or several splats, respectively. The analysis of the scratch test results at
different scales revealed that the wear rates of longer scratches were
dominated by the coatings' microstructural defects. Therefore, the
scratch results from the longer scratches did not accurately reflect the
wear properties of the material itself. In the present work, the scratch
tests have enabled the evaluation of the material's intrinsic response by
discarding the data affected by porosity along the scratch length.
Furthermore, these tests provide an evaluation of the abrasive action
without the influence of other features, such as mechanical mixed layers
or oxidation, which typically arise in macroscopic wear tests.

There is limited literature on the evaluation of the scratch resistance
of CS Ti samples. However, a previous study by the authors examined
the scratch wear on CS Ti6Al14V samples [48], [49], and the results were
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found to be comparable to those obtained for the CS pure Ti samples
studied here. The CS Ti6Al4V samples were sprayed at process gas
temperatures and pressures of 800 °C and 40 bar, and 1100 °C and 50
bar, respectively [48], [49]. The 800 °C sample exhibited 79 % higher
porosity than the 1100 °C sample, and the ks was an order of magnitude
higher. These differences may be attributed to the varying porosities and
thus do not reflect the material's intrinsic response. This highlights the
capabilities of the wear rate study discounting the pores, as done in this
work, which allows for a comparison of the material properties unaf-
fected by defects like porosity.

3.4. Wear behavior under reciprocating conditions

The study of the material's intrinsic behavior is important, as
described in the previous section. However, its behavior in service is also
essential. Understanding its response on a macroscopic scale, where
defects contribute to its behavior, allows us to determine whether the
material is suitable for its real-world application. Table 4 shows the total
number of cycles at which the wear limit condition of 1 mm pin height
loss was reached for each material and oscillation angle. It was observed
that the Ti-55-800 sample reached the limit condition after a lower
number of cycles than the Ti-60-1000 sample, except for the 30° angle.
This table also provides the total sliding distance accumulated under
each testing condition up to the point at which the 1 mm pin height
reduction was reached. It can be observed that the sliding distance de-
creases dramatically for the 120° angle.

The macroscopic wear rates of the CSAM samples, evaluated from
weight loss measurements, are reported in Fig. 12a. The results of the
experiments performed at 30° and 60° oscillation angles are similar for
both materials, showing values between 1.5-10™* and 1.9-10~* mm®3/
Nm. However, both materials also showed an increase in wear rate
during the tests performed at an angle of 120°. The wear rates in the
120° angle experiments were (6.8 + 1.7)-10~* mm?3/Nm for the Ti-55-
800 sample and (3.8 + 1.6)~10’4 mm?3/Nm for the Ti-60-1000 sample.
The variability observed in the wear rate values, as indicated by the
corresponding standard deviations, is a consequence of the character-
istic microstructure of these coatings, formed by the bonding of splats
resulting from particle impacts with different deformation gradients.
These deviations are smaller at angles of 30° and 60° and fall within an
acceptable range. However, it considerably increased at 120° (Fig. 12a).
This increase may be due to highly aggressive conditions for this type of
CSAM sample. Nevertheless, it should be noted that this amplitude
represents a limiting test condition.

Regarding the COF measurements, Fig. 12b presents the mean values
calculated from the stable regime of each test. The evolution of the co-
efficient of friction during the tests was characterized by an initial
transient regime prior to reaching the steady state. This transient regime
occurred during the first cycles. Therefore, for the calculation of the
COF, the values corresponding to the first 10% of the cycles were dis-
carded, and the average value was obtained from the remaining 90%.
The results show that, for both materials, the COF was obtained in the
tests performed applying 30° and 60° oscillation angles was 0.55-0.6,
while for the tests performed at 120°, the COF was ~ 0.43. Comparing
the results shown in Fig. 12a and b, it can be seen that the wear rate was
higher for the 120° angle despite showing a lower coefficient of friction.

Table 4
Number of cycles and total sliding distance of the reciprocating wear tests.

Material Angle (°) Number of cycles (-10% Total sliding distance (m)
Ti-800 30 2.85 775
60 1.24 673
120 0.20 218
Ti-1000 30 2.64 720
60 1.65 896
120 0.35 386
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These results pointed out that different wear mechanisms were occur-
ring in the tests performed with the highest sliding amplitude.

In the oscillatory setup, increasing the oscillation angle to 120°
inherently increases both the arc length per cycle and the sliding speed.
A higher sliding speed raises the instantaneous frictional power and the
flash temperature at the contact, which may trigger transitions in the
severity and the wear mechanism (e.g., from mild abrasion/adhesion to
adhesive-severe or oxidative regimes), thereby increasing the wear rate,
although the average coefficient of friction remained nearly unchanged.
Although the COF at 120° was lower (~0.43) compared to 30°-60°
(0.55-0.60), the sliding speed doubled with respect to 60° and
quadrupled relative to 30°. Because, the energy dissipated per unit time,
evaluated through the frictional power, increased from ~1.11 W (30°)
to ~2.43 W (60°) and ~3.48 W (120°), despite the lower COF (Table 5).
That is, at 120°, the friction power triples compared to that developed
during the tests at 30° and turns out to be 1.5 times higher than that
obtained for 60°. This higher frictional power may explain the higher
wear rate at 120°, promoting the transitions to severe wear. The com-
bination of higher speed and greater sliding distance per cycle (and per
minute) increased the cumulative mechanical and thermal load on the
pin, thereby accelerating wear even under a slightly lower friction
coefficient.

The wear mechanisms were therefore analyzed conducting a SEM
investigation on the plane and transversal view of the surface of the
worn samples (Figs. 13-15). The plane view images of the samples'
surfaces (Fig. 13) displayed various features related to the wear process.
In these images, which were acquired using the BSE detector, the areas
with the darkest contrast, such as the one indicated in Fig. 13a, corre-
spond to oxidized particles in the MML. The oxidation is caused due to
the temperature increase from the reciprocating motion in the contact.
Additionally, these images show that counterface particles were also
observed trapped on the sample surface (the lightest contrasted areas),
as indicated in Fig. 13b. The mechanical action in the contact also
generated abrasive grooves and cracks (an example is pointed out in
Fig. 13d), which are characteristic of sliding wear processes dominated
by plastic deformation and fatigue. It should be noted that all the
observed features were present in both samples and under all testing
conditions.

The transversal view study of the worn samples is presented in
Fig. 14. These images revealed the presence of the MML on the top
surface, as well as cracks oriented parallel to the surface, which are
highlighted by dashed lines in the images. Regarding the MMLs, the
images indicate that oxidized particles were trapped at the surface, with
a higher extent in the tests conducted at oscillating angles of 30° and 60°
(Fig. 14a, b, d and e).

The oxide composition of the MMLs was similar for all the tested
samples. Fig. 15 presents the analysis of the MML's chemical composi-
tion of the samples tested at 30° and 120° for both studied materials. It
can be seen that the MML consisted of a mixture of small particles
formed due to the mechanical milling associated with MML formation
during the test. The particles appeared less compacted at the top surface.
The EDX analyses performed on particles with different chemical com-
positions indicate that the MML consisted of a mixture of Ti and steel
particles with oxidation. As a reference, EDX 1 in all the samples cor-
responds to the chemical composition of the Ti sample. Concerning the
cracks, they were generated parallel to the surface, what is a distinctive
feature of delamination wear derived from the fatigue wear caused by
the reciprocating movement [50].

Additionally, the microscopy analysis revealed material delamina-
tion at the pins' sides, as illustrated in Fig. 16. This outcome was more
pronounced in the tests performed at 120°, and in the ones performed on
the Ti-55-800 material. The delamination effect was also observed in the
acquired measurement of the linear displacement of the pin due to the
removed wear volume at the pins' surface, which is presented in Fig. 17.
Oscillations in the linear displacement were observed, indicating tran-
sitions in the wear behavior. These changes correspond to the onset of
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Fig. 12. Specific wear rates (k) and coefficient of friction (COF) of the samples tested under reciprocating conditions at three different oscillation angles (30°, 60°

and 120°).

Table 5
Sliding kinematics, normal load and frictional power for the different oscillation
angles.

Angle Speed, v COF, Normal load, W  Frictional power, P =
©) (mm/s) [ N) p-W-v (W)

30 24.5 0.55 82.5 1.112

60 49 0.6 82.5 2.425

120 98 0.43 82.5 3.477

delamination processes at particular cycle intervals during the experi-
ments, as confirmed by the surface damage characteristics displayed in
Figs. 13, 14 and 16.

Therefore, it was concluded that delamination was the dominant
wear process, followed by oxidation. Delamination and oxidation were

particularly present in the tests performed at 30° and 60°. In contrast, in
the tests performed at 120°, oxidation was less important, and the
delamination wear process was severe. The increased severity of
delamination was related to the more aggressive testing conditions [51],
as the increase in the oscillation angle resulted in higher sliding veloc-
ities. It should be noted that the observed difference in wear mechanisms
in the tests performed at the highest oscillation angle was accompanied
by a COF reduction, as reported in Fig. 12. Furthermore, the observed
higher delamination in the Ti-55-800 samples was related to the higher
porosity of this sample. Increased porosity implies that the splats have a
lower degree of bonding between them, facilitating their detachment.
Therefore, although the metallurgical bonding of splats in Ti samples is
strong enough to build up a thick sample with a low number of created
links between the sprayed particles, the splats present a weaker
attachment. This outcome was also reflected in the work by Goldbaum
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Fig. 13. SEM-BSE images of plane view surfaces corresponding to the Ti-55-800 (a, b and c) and Ti-60-1000 (d, e and f) worn samples tested under reciprocating

sliding with oscillation angles of 30°, 60° and 120°.

Fig. 14. SEM-BSE images of transversal view sections corresponding to the Ti-55-800 (a, b and c¢) and Ti-60-1000 (d, e and f) worn samples tested under recip-
rocating sliding with oscillation angles of 30°, 60° and 120°. The dashed lines delineate fatigue cracks parallel to the surface.
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Fig. 15. SEM-BSE image showing a higher magnification of the MML and the
corresponding EDX analysis performed that the sites indicated in the images for
the tested samples of Ti-55-800 at oscillation angles of 30° (a,b) and 120° (c,d)
and of the tested samples of Ti-60-1000 at oscillation angles of 30° (e,f) and
120° (g, h).

et al. [18] on CS Ti samples. In their work, the porosity and splat
adhesion strength were examined in different samples sprayed using
various particle velocities. The results show that both sample density
and splat adhesion strength increase with increasing particle velocity,
indicating a relationship between these characteristics. Moreover, the
effect of a weak bonding between the sample particles on favoring
delamination wear was reported by Zhou et al. [52]. They performed
ring-on-ring sliding friction tests of copper metal matrix composites with
different iron volume content and their results showed how delamina-
tion was facilitated by the generation and propagation of fatigue cracks
at the iron particle boundaries.

These findings have revealed that the Ti-60-1000 sample exhibited
better performance in terms of reciprocating wear resistance. This
outcome was associated with the lower porosity of this sample, which
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limited the delamination process during the wear experiment. However,
it was observed that the wear rate still increased during the test con-
ducted under the most aggressive condition, at an oscillation angle of
120°. The aggressiveness of this condition is related to the higher sliding
velocity combined with the higher arc length. The limitations of this
study are related to the inability to determine which wear variable has
the most significant effect on the wear rate: the arc length or the sliding
velocity. Therefore, future work should consider conducting an experi-
mental plan to identify the most significant effects and interactions of
the different variables involved in the system: the sliding velocity, and
the arc length and frequency of oscillation. As observed, although the
behavior of the material without defects, evaluated on a microscale, is
similar, the behavior on a macroscale shows differences that are
controlled by the presence of defects and bonding characteristics be-
tween the splats. This indicates the necessity of researching towards
obtaining a CS-sprayed material free of defects or at least with a
controlled percentage of defects.

Moreover, it should be mentioned that the obtained wear rates, in the
range of 10~ mm®/Nm, are high for the application of this material. In
order to reduce the wear rate, the sample structure should be improved
by modifying the processing parameters or applying a heat treatment
after deposition. Moreover, lubricated conditions should be evaluated,
as they are closer to the actual applications and they are expected to
reduce significantly the wear rate. However, the obtained wear rates
were in the order of magnitude of those obtained for CS pure Ti samples
in different wear configurations. For example, Khun et al. [22] reported
wear rates from 1.1:107* to 2.2.107* mm®/Nm from rotational
ball-on-disc experiments using a 100Cr6 steel ball in dry conditions.
Another example is the work performed by Alidokht et al. [23], where
they report a wear rate of 9.5-107* mm®/Nm from reciprocating
ball-on-flat experiments without lubricant and using an alumina ball.

Thus, regarding the potential application of this material for com-
ponents subjected to reciprocating sliding wear, further investigation is
needed considering the improvement of the sample density as well as
performing a more extensive wear experimental plan. The extended
experimental plan should also consider specifying a particular applica-
tion to better adapt the testing conditions to the real environment and
the use of corresponding lubricants. Additionally, reducing sample
porosity by tuning the CS process parameters should be considered. On
the other hand, if Ti is used for the structural parts, this preliminary
analysis suggests that both samples, Ti-50-800 and Ti-60-1000, could be
suitable. The mechanical properties of the components were evaluated
in this work at the local scale, and the results showed similar values to
those of the bulk material. However, future work should also evaluate
the mechanical properties at the macroscale, as these properties are also
affected by the presence of porosity and defects.

4. Conclusions

This study investigated the applicability of the CSAM technique to
manufacture pure Ti (Grade 2) components which are subjected to
reciprocating wear conditions. Two Ti CSAM samples sets were fabri-
cated using different process parameters. The varied spraying parame-
ters were the process gas temperature and pressure, defined for each
sample as follows: 55 bar and 800 °C (Ti-55-800 sample) and 60 bar and
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Fig. 16. SEM-BSE images of the worn surfaces after the reciprocating wear tests in the Ti-55-800 (a, b and c¢) and the Ti-60-1000 (d, e and f) samples.
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Fig. 17. Linear displacement of the pin during the reciprocating wear tests performed on the a) Ti-55-800 and the b) Ti-60-1000 samples.

1000 °C (Ti-60-1000 sample). The samples were evaluated through
microstructural analysis, mechanical and tribological properties at the
local scale, and macroscopic tribological behavior under reciprocating
sliding conditions to simulate back-and-forth motions of materials in
contact.

The results have shown that the different processing parameters led
to samples with varying levels of porosity. The Ti-60-1000 sample's
microstructure was characterized by a lower porosity degree, approxi-
mately 30 % lower than that of the Ti-55-800 sample. Regarding the
mechanical characterization, it was shown that the hardness was
increased by a 38 % and a 71 % in the Ti-55-800 and Ti-60-1000 sam-
ples, respectively, compared to the feedstock powder H.

The scratch wear evaluation at the local scale revealed that the
samples presented similar wear resistances. Moreover, they were both
worn by plastic deformation through ploughing, cutting and wedge
formation processes, as evidenced by the developed pile-up and abrasive
grooves. The wear process was shown to be stable, as deduced from the
constant value of the coefficient of friction (COF) along the scratch
distance. The fgpparameter allowed for the determination of the wear
rate of material removal from the surface. The determined wear rates
were (8.4 + 2.1)-10 % and (7.2 + 1.4)-10% mm®/Nm for the Ti-55-800
and Ti-60-1000 samples, respectively.

Regarding the tribological behavior at the macroscopic scale, the Ti-
60-1000 sample exhibited higher wear resistance under the recipro-
cating sliding conditions studied in this work. In the experiments per-
formed at 30° and 60° oscillating angles similar wear rates were
obtained for both materials, showing values between 1.5-10™* and
1.9-10~* mm3/Nm. However, both materials also showed an increase in
wear rate during the tests performed at an angle of 120°. The wear rates
in the 120° oscillation angle experiments were (6.8 + 1.7)-10* mm3/
Nm for the Ti-55-800 sample and (3.8 + 1.6)-10~* mm®/Nm for the Ti-
60-1000 sample. The obtained COF were similar for both studied sam-
ples, showing values around 0.55 in the tests at 30° and 60° oscillation
angles, and around 0.43 for the tests at 120°. The reduction in wear rate
at high sliding amplitudes compared to the Ti-55-800 sample was
attributed to the weaker attachment between the splats in the Ti-55-800
sample, which intensified the delamination during the tests. Further-
more, the evaluation of wear mechanisms revealed that both samples
exhibited the same wear mechanisms, oxidation and delamination,
although at the highest test oscillation angle the delamination process
was more severe.

Although the present study is preliminary, the results indicate that
manufacturing Ti parts using the CSAM technology shows promising
potential for application for structural Ti components. These positive
perspectives are based on the environmental and economic benefits of
using the CSAM process. Finally, the application of components manu-
factured by CSAM requires further research focused on reducing
porosity and increasing the bonded areas at the splat contours.
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