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Abstract: Laser processing is an effective post-treatment method for modifying the structure and
improving the properties of cold-sprayed coatings. In the present work, the possibility of fabricating
a hard and wear-resistant Ti-based cermet coating by cold spray followed by laser remelting was
studied. A mixture of titanium and chromium carbide powders in a ratio of 60/40 wt.% was deposited
by cold spray onto a titanium alloy substrate, which ensured the formation of a composite coating
with a residual chromium carbide content of about 12-13 wt.%. The optimal values of laser beam
power (2 kW) and scanning speed (75 mm/s) leading to the qualitative fusion of the coating with the
substrate with minimal porosity and absence of defects were revealed. The microstructure and phase
composition of as-sprayed and remelted coatings were examined with SEM, EDS and XRD analysis.
It was shown that the phase composition of the as-sprayed coating did not change compared to the
feedstock mixture, while the remelted coating was transformed into a 3-Ti(Cr) solid solution with
uniformly distributed nonstoichiometric TiCy particles. Due to the change in microstructure and
phase composition, the remelted coating was characterized by an attractive combination of higher
microhardness (437 HV ;) and lower specific wear rate (0.25 x 1073 mm?3/N x m) under dry sliding
wear conditions compared to the as-sprayed coating and substrate. Laser remelting of the coating
resulted in a change in the dominant wear mechanism from oxidative-abrasive to oxidative—adhesive
with delamination.

Keywords: cold spray; laser remelting; composite coating; titanium; chromium carbide; titanium
carbide; microhardness; wear resistance

1. Introduction

Cold spray is a modern thermal spraying and additive manufacturing method based
on the high-velocity impact of solid powder particles (metals, alloys, cermets, polymers)
with a substrate at a moderate temperature, which allows for the production of dense coat-
ings while retaining the feedstock phase composition [1-5]. The temperature of gas flow
during cold spraying does not exceed the melting point of the feedstock powder. Therefore,
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the probability of particle oxidation, decarburization, decomposition, high residual stress-
ing and other negative processes typical for high-temperature thermal spraying methods
(HVOF, plasma spraying, detonation spraying) is reduced. Despite the advantages of cold
spray, the properties of the as-sprayed coatings are often unsuitable for industrial applica-
tions due to their low strength, plasticity, hardness, wear and corrosion resistance. In these
cases, to modify the coating properties, various heat treatment techniques are used, such as
furnace annealing [6-11], hot isostatic pressing [12-14], spark plasma sintering [15-17], etc.

In recent years, a combined method of cold spraying with subsequent laser treatment
has actively been developed. It is worth noting that the Laser-Assisted Cold Spray (LACS)
method [18], developed using a combination of these techniques, is currently being devel-
oped alongside traditional laser-based additive manufacturing methods [19]. In [20-26],
the prospects of laser post-processing for modifying the structure and properties of metal-
based cold-sprayed coatings were reported. Sova et al. [20] showed that laser remelting of
a 316L coating can significantly reduce its porosity and improve its corrosion resistance.
Z. Zhing et al. [21] also showed a similar porosity and corrosion resistance behavior in an
aluminum coating after laser treatment. Poza et al. [22] reported a change in the structure of
Inconel-625 from lamellar for the as-sprayed coating to columnar dendritic for the remelted
coating, resulting in a reduction in hardness but a growth in elastic modulus. Stutzman
et al. [23] were able to optimize laser processing parameters to prevent stress corrosion
cracking in an alloy 600 coating. Zybala et al. [24] reported both a growth in microhardness
and surface hydrophilicity and an increase in residual stresses of titanium and Ti64 alloy
coatings after laser treatment. Laser processing is also used to produce alloys from coatings
fabricated using metal powder mixtures [25-27]. The multicomponent coating is treated
by a laser beam, which induces the melting of precursors. The coating is transformed into
a liquid, and solid solutions are formed upon fast cooling and solidification of the melt.
N. Kang et al. [25] successfully used laser remelting to prepare a hypoeutectic Al-Si alloy
coating with lower roughness and improved hardness compared to the as-sprayed deposit.
Sova et al. [26] conducted the first feasibility studies on the application of laser remelting to
cold-sprayed multicomponent Cu-Al-316L-Tribaloy 700 and Al-Ti-316L-Tribaloy 700 coat-
ings to produce high-entropy alloys. Similar studies were also performed later in [27] for
Fe-Ni-Cu-Co-Al detonation sprayed coatings.

Of particular interest is the laser post-treatment of cold-sprayed cermet coatings, which
allows for a significantly enhancement of their mechanical and tribological performance due
to the in situ synthesis of new hardening phases [28-32]. Baiamonte et al. [28] compared
heat treatment in furnace and laser treatment of a Ti-WC cold-sprayed coating. Laser
exposure of the coating led to a decarburization of WC followed by the synthesis of a new
phase of TiC, while furnace annealing did not change the phase composition. The formation
of a TiC phase resulted in a significant increase in microhardness, decrease in wear rate
and a change in wear mechanism compared to the as-sprayed and annealed coating. Goral
et al. [29] used laser irradiation to modify the near-surface layer of the composite Cr3Cp-
NiCr-Ni-C coating. With increasing radiation power, CryC3 and Cr,O3 phases were formed
in the coating, and residual stresses rose. The change in structure and phase composition
led to a growth in microhardness and elastic modulus compared to the as-sprayed coating.
In our previous works [30-32], a combined technique of cold spray and laser post-treatment
was used to produce multilayer cermet materials using powder mixtures of Ni-B4C, Ti-B4C
and Ti-WC. The obtained thick deposits showed an improvement in microhardness and
high-velocity impact resistance compared to the as-sprayed coatings and substrate.

The present work continues our previous research and aims at the application of
a combined method based on cold spray and laser post-treatment to produce hard and
wear-resistant composite coatings. The goal of the present work is to study the effect of
laser remelting on the microstructure, microhardness and dry sliding wear performance
of the coating produced by cold spraying of a Ti-Cr3C, powder mixture. Titanium is a
ductile metal which has a high strength-to-weight ratio and excellent corrosion resistance.
Chromium carbide (Cr3C,) is a hard and wear-resistant ceramic compound. The features
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of the interaction between titanium and chromium carbide were considered for composites
produced with the sintering [33], casting [34] and electro-spark deposition [35] techniques.
In [33], the authors noted that Cr3C; is one of the most suitable additives for strengthen-
ing titanium using the powder metallurgy method. Strengthening is achieved by in situ
synthesized TiC particulate, Ti(Cr) solid solution and grain refining. In [34], the effect of
Cr3C; content on the structure and mechanical properties of cast Ti-matrix composites was
studied. Depending on the starting Cr3C, content, the morphology of the synthesized TiC
particulate changed in the obtained composites, which allowed for different combinations
of enhanced mechanical characteristics (strength and ductility or hardness and toughness).
In [35], Ti-Cr-TiC-Cr;C3 coatings were obtained by exposing a mixture of Ti granules and
Cr3C, powder to electric discharges. The obtained coatings showed increased microhard-
ness (up to 3.5 times), wear resistance (up to 107 times) and heat resistance (up to 3 times)
compared to the Ti64 substrate. At the same time, the influence of laser radiation on the
structure and properties of Ti-Cr3C, composites has not been investigated yet, which con-
firms the novelty of the present study. It is known that titanium and titanium alloys have
low hardness and poor wear resistance, which limits their use in many applications. For
this reason, titanium products require the improvement of surface properties. As a result of
laser remelting of Ti-Cr3C; composition, it is possible to form a structure consisting of a
solid solution reinforced with hardening particulates. The chosen approach is promising
for increasing the hardness and wear resistance of the coating. The obtained coatings may
have potential as protective layers on titanium alloy surfaces and are in demand in the
aerospace, marine, chemical and biomedical industries.

2. Materials and Methods

Commercial titanium (PTOM-1 grade, NPF, Moscow, Russia) and chromium carbide
(MP Kompleks, Izhevsk, Russia) powders were used as starting powders for cold spraying.
The average particle sizes measured with a laser diffraction analyzer LS 13 320 (Beck-
man Coulter, Brea, CA, USA) were 15.6 um (dig = 2.4 um, dgy = 35.3 um) and 27.9 um
(d10 = 2.8 um, dgg = 77.7 um) for titanium and chromium carbide powders, respectively.
SEM images of the powder particles are given in Figure 1. Ti-Cr3C, homogenous powder
mixture at a ratio of 60/40 wt.% was prepared in a V-mixer Venus FTLMV-02 (FILTRA
VIBRACION S.L., Badalona, Spain) for 30 min.

(a) (b)

Figure 1. Titanium (a) and chromium carbide (b) powders used for cold spraying.

The mixture was sprayed onto titanium alloy substrates (VI20 grade of Ti-Al-Zr-Mo-V
system) with a diameter of 40 mm and a thickness of 8 mm. Prior to spraying, the substrates
were grit-blasted with alumina abrasives with an average size of about 300 pm.

The coatings were deposited on a custom high-pressure cold spray facility (ITAM
SB RAS, Novosibirsk, Russia) equipped with an axisymmetric de Laval nozzle OUT1
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(Impact Innovations GmbH, Rattenkirchen, Germany). Compressed air was used as the
accelerating and carrier gas. The stagnation pressure and temperature were 4 MPa and
400 °C, respectively. The nozzle was moved relative to the substrate at a speed of 100 mm/s
at a standoff distance of 30 mm. The pitch between the coating tracks was 3 mm. With the
selected cold spraying parameters, a coating thickness of about 600 pm was reached in
2 passes. The as-sprayed coatings were ground to a uniform thickness of about 450 um to
avoid the effect of surface waviness on the following remelting process.

Laser post-processing of coatings was conducted on the automated laser technological
complex Siberia 5 ITAM SB RAS, Novosibirsk, Russia) equipped with a fiber laser (IPG
Photonics, Oxford, MI, USA) with a radiation wavelength of 1.07 um. Laser radiation was
focused at a distance of 50 mm above the surface using a lens with a focal length of 300 mm.
The diameter of the processed spot on the coating surface was approximately 2.4 mm.
Optimization of laser processing parameters was based on the results of our previous
works [30,31] and consisted of varying the laser power in the range from 0.5 to 2 kW and
the scanning speed from 20 to 100 mm /s when processing single tracks. After finding the
optimal mode in terms of absence of macrodefects, the entire coating area was treated in a
unidirectional motion mode with a track pitch of 1.2 mm. Laser treatment was carried out
in an Ar atmosphere.

Cross-sections of the coatings were mounted into phenolic resin using a hot press
Mecapress 3 (Presi, Eybens, France) and polished using an automatic polishing machine
Mecatech 334 (Presi, Eybens, France). The microstructure of the coatings’ cross-sections and
the morphology of the worn surfaces were examined using a scanning electron microscope
(SEM) EVO MA15 (Zeiss, Oberkochen, Germany) coupled with an energy-dispersive
spectrometer (EDS) X-Max 80 mm? (Oxford Instruments, Abingdon, UK).

X-ray diffraction (XRD) patterns of the powder mixture and coatings surface were
recorded by means of an D8 ADVANCE diffractometer (Bruker AXS, Karlsruhe, Germany)
with CuKa-radiation. Qualitative XRD analysis was performed using the ICDD PDF-2
(2004) database.

Microhardness was measured according to ASTM E384 on cross-sections using a
Tukon 1102 microhardness tester (Wilson, Arnsberg, Germany) via the Vickers method
at a constant load of 100 g. The reported microhardness values were averaged from
12 measurements.

Dry sliding wear tests of the coatings were performed on an UMT-2 tribometer (Bruker
Nano, Karlsruhe, Germany) in a ball-on-flat mode according to ASTM G133 with a stroke
length of 5 mm, a frequency of 5 Hz and a load of 25 N. The WC-6Co ball with a diameter
of 6.35 mm was used as a counterpart. The test time was 2000 s, which is equivalent to a
total distance of 100 m. Prior to the tests, the coating surfaces were ground and polished.
After the tests, volume loss was measured on 3D profiles obtained with a ContourGT-
K1 interference profilometer (Bruker Nano, Karlsruhe, Germany). For each specimen,
3 tests were made, and the average values of coefficient of friction and volume loss were
determined. The average value of specific wear rate was calculated as the ratio of volume
loss to the product of applied normal load and total sliding distance.

3. Results and Discussion
3.1. SEM and EDS Analysis

With the cold spraying parameters and mixture composition used, coatings were
successfully deposited onto titanium alloy substrates for further study of their structure
and properties. A SEM image of the as-sprayed (AS) coating cross-section and the results
of EDS analysis are shown in Figure 2a. Microscopy observation of the coating did not
reveal any cracks or other macrodefects. No evidence of the coating delaminating from
the substrate was found. The results of the EDS analysis at a standard sensitivity showed
that titanium, chromium, oxygen and carbon were found in the coating. It can be seen that
the coating composition is different from that of the feedstock powder mixture. It should
be noted that, as carbon is a lightweight element, it was quite difficult to obtain reliable



J. Compos. Sci. 2023, 7, 500 5o0f 14

information on its content. Taking this into account, the content of chromium carbide in the
coating was estimated as 12-13 wt.%, which is much lower than in the starting mixture.
This feature is typical of cold-sprayed powder mixtures consisting of a soft and a hard
component, due to the low deposition efficiency of hard particles [36-38]. Elemental maps
(Figure 2b) show that chromium carbide particles of various sizes are uniformly distributed
in the titanium matrix of the coating. Also note that oxygen in the coating was mainly
concentrated on the ceramic particles. To find out the reasons for this, EDS analysis of the
chromium carbide powder was performed, which also revealed the presence of oxygen in
the particles. This fact may be related to the manufacturing process of the powder.

C

Figure 2. Microstructure of the AS coating cross-section and corresponding EDS results obtained

(b)

from the area highlighted by the rectangle (a); elemental maps (b). Image was obtained by SEM;
maps were obtained by EDS.
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In the next step, the cold-sprayed coating was processed with laser irradiation. During
laser processing, the focused laser beam moved relative to the specimen, heating the
coating material. Thus, in the zone where the laser beam impacted the surface, the coating
material melted and a molten pool was formed, which solidified during subsequent cooling.
The features of molten pool formation and consequently the structure of the processed
material depend on a number of laser processing parameters, such as radiation power,
beam diameter, focus position, scanning speed, etc. [28,31]. In the present work, the
optimization of laser exposure was performed by varying combinations of laser beam
power and scanning speed. Preliminary optical microscopy analysis of the remelted single
tracks revealed the optimal values of power (2 kW) and scanning speed (75 mm/s), resulting
in quality fusion of the coating with the substrate with minimal porosity and lack of defects
(cracks, delamination, etc.). Thus, this mode was chosen for further remelting of the entire
coating surface and a detailed examination of its structure and properties.

The SEM image of the laser-processed (LP) coating cross-section and the results of
EDS analysis are given in Figure 3. The boundary between the remelted coating and
the substrate is clearly visible. The treated coating is characterized by a dense structure
consisting of a matrix (light gray) and fine particles (dark gray) uniformly distributed in
it (Figure 3a). Most of the synthesized particles of 1-3 um in size are irregular in shape
(Figure 3b), but local aggregations of dendritic particles (Figure 3c) are also observed. The
dendritic particles do not show any preferential orientation along the processing direction.
A similar hybrid structure was observed for the cast [34] and electro-spark deposited [35]
composites. According to EDS data (Figure 3d), the matrix consisted mainly of titanium
and chromium, while the particles contained titanium and carbon. Quantitative elemental
analysis suggested the formation of the following phases: Ti(Cr) solid solution for the
matrix, and TiCx (where 0 < x < 1) for irregular and dendritic particles. No substrate-
alloying elements (Al, Zr, Mo, V, etc.) were detected in the coating volume, indicating
fusion and mixing with the substrate in a thin interface layer. Furthermore, coarse irregular
particles (black) were found near the interface, which, according to the results of elemental
analysis, were alumina. On the one hand, fine alumina particles could have been retained
on the substrate surface after grit-blasting treatment. On the other hand, alumina could
have formed as a result of the reaction between aluminum, which is a major alloying
element of the titanium alloy substrate, and the oxygen contained in the AS coating. This
hypothesis was confirmed by the absence of oxygen in the LP coating. Note that in our
previous work [31], a small amount of aluminum was intentionally admixed into a Ti-B4C
coating to absorb oxygen in the molten pool during laser treatment. Some round-shaped
pores were also found in the interface zone. The formation of pores can be attributed to
the coalescence of smaller pores initially present in the AS coating [25], as well as to the
peculiarities of the convective motion of the melt [30].

3.2. XRD Analysis

The results of XRD analysis of the feedstock powder mixture and coatings are shown
in Figure 4. It can be seen that the reflections corresponding to the «-Ti (PDF number
44-1294 [39]) and Cr3C, (PDF number 35-804 [40]) phases are observed in the XRD patterns
of the powder mixture and the AS coating. After spraying, the phase composition of the
coating did not change compared to the feedstock powder mixture, which is typical for the
cold spray method. The broadening of the x-Ti and Cr3C; reflections for the AS coating
relative to the reflections for the powder indicates a decrease in crystallite size and lattice
strain accumulation due to high-velocity impact during the cold spraying process [41].
The TiH, (PDF number 78-2216 [42]) and Cr;Cs (PDF number 36-1482 [43]) reflections are
also observed in the XRD patterns of the powder mixture and the AS coating. They were
impurities in the initial Ti and Cr3C, powders, respectively, whose presence was due to
the manufacturing process. The low intensity of the TiH; and Cr;Cj reflections indicates a
small quantity of these phases in the material. The presence of TiH; and Cr;C3 impurities
in the titanium and chromium carbide powders, respectively, was confirmed in [44,45].
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Figure 3. Microstructure of LP coating cross-section at low (a) and high (b,c) magnifications and EDS
results (d). Images were obtained by SEM. The LP coating was obtained at a laser power of 2 kW and
a scanning speed of 75 mm/s.

The XRD pattern of the LP coating shows the presence of 3-Ti (PDF number 65-
5970 [46]) and TiCx (PDF number 32-1383 [47]) reflections. The reflections of the initial
a-Ti and Cr3C; phases are absent. Under the impact of laser radiation, chromium carbide
particles were dissolved and decarburized in the molten pool. In the Ti-C-Cr system, TiCy
is the more thermodynamically stable chemical compound compared to TiCr, intermetallic
and chromium carbides. For this reason, the TiC, phase was primarily synthesized as
a result of a chemical reaction between titanium and chromium carbides (Equations (1)
and (2)) and a reaction between titanium and carbon formed during Cr3C; and CryCs
dissolution (Equation (3)). The free chromium formed from these reactions was dissolved
in the titanium matrix. A metastable solid solution 3-Ti(Cr) was formed in the coating due
to fast cooling after remelting. The solid solution reflections in the LP pattern are shifted
relative to the reflections of pure p-titanium, indicating a change in the lattice parameter of
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titanium due to supersaturation with 3-stabilizing chromium. The shifting of the reflections
of the synthesized TiCy phase relative to the theoretical data proves its nonstoichiometry.

2Ti + Cr3Cy = 2TiC + 3Cr 1)
3Ti + CryCz = 3TiC + 7Cr )
Ti + C=TiC 3)
= # a-Ti
< Cr,C,
+ Cr?C3
~ TiH,
> B-Ti
:: . * 2 TIC
‘; P | N N LP coating
:-z)' b b \ - * - % *
g | — .
= # AS coating
# # #
Powder mixture
< B#
T T T T g I N I v 1
30 40 50 60 70 80
20, deg

Figure 4. XRD patterns of powder mixture and coatings. The LP coating was obtained at a laser
power of 2 kW and a scanning speed of 75 mm/s.

3.3. Microhardness

The results of microhardness measurements are shown in Table 1. Laser processing of
the coating resulted in significant growth of coating microhardness, up to 437 HV 1, which
is 2.9 times higher than that of the AS coating (151 HV( 1) and 1.3 times higher than that
of the titanium alloy substrate (341 HV(1). This considerable increase in microhardness
is associated with a change in the phase composition of the remelted coating, particularly
the formation of a solid solution and the synthesis of the hardening fine particles of
titanium carbide [33-35]. Such microhardness behavior of laser-processed cermet coatings
was observed in [28-32]. The combination of strengthening mechanisms acts in the laser
processed coating in the following ways: solid solution strengthening due to (3-Ti(Cr)
phase formation, precipitation strengthening due to TiC particles formation and dislocation
strengthening due to the thermal expansion mismatch and high cooling rates. In the AS
coating, strengthening is preferably provided by cold working due to high-velocity impact
during the cold spraying process.
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Table 1. Microhardness, specific wear rate and CoFs. The LP coating was obtained at a laser power
of 2 kW and a scanning speed of 75 mm/s.

Microhardness, HV 1 Specific Wear Rate x 10-3, mm3/N x m CoF
Substrate 341.7+7.7 04 +0.01 0.44 4+ 0.003
AS coating 1514 £ 14.3 1.2 £0.04 0.67 £ 0.01
LP coating 437.6 +14.2 0.25 +0.01 0.7 £ 0.008

3.4. Tribological Characteristics

The results of tribological characterization are presented in terms of specific wear
rate, coefficient of friction (CoF) and observation of the worn surface by SEM, EDS and
interference profilometry. The results of measurements of specific wear rates and CoFs are
listed in Table 1. The LP coating demonstrated the lowest specific wear rate, which was
4.8 times lower than that of the AS coating and 1.6 times lower than that of the substrate.
Note that, if we compare microhardness and specific wear rate, a clear inverse correlation is
observed. In other words, the higher the microhardness of the material, the lower its specific
wear rate. The reduction in specific wear rate in the LP coating is due to the formation of
new phases affecting overall microhardness and, consequently, the wear mechanisms.

Different mechanisms, including abrasive, adhesive, oxidative, etc., and their com-
binations, can act on sliding wear behavior of metal matrix cold-sprayed coatings [48].
Analysis of the AS coating’s scar morphology by SEM (Figure 5) showed the presence of
grooves parallel to the sliding direction. EDS analysis revealed the presence of a large
amount of oxygen (42 at.%), which indicated the formation of oxide films. In the SEM
image, the oxide films look like thick, noncontinuous outgrowths. These films crumbled
during friction and formed abrasive particles, which led to more intense wear. Thus, the
dominant factor of AS coating wear was the oxidative-abrasive mechanism. Examina-
tion of the scar morphology of the LP coatings revealed evidence of an adhesive wear
mechanism. Signs of adhesion and delamination of the coating material were detected
on the worn surface. In addition, tungsten was found on the worn surface (0.16 at.%),
indicating mass transfer of the counterpart material into the friction zone. The amount of
oxygen on the worn surface of the LP coating was about half as much as on that of the
AS coating (24 at.%). Apparently, the growth rate of oxide films on the LP coating was
lower than that on the AS coating. The low thickness of the formed oxide films did not lead
to their destruction during friction and formation of abrasive particles, but rather acted
as a tribolayer and prevented further wear. It can be suggested that this change in phase
composition after remelting improved the oxidation resistance of the coating. Analysis
of the worn surface morphology by interference profilometry (Figure 6) showed that a
small amount of material was plastically displaced from the friction zone to the periphery
in the LP coating. At the same time, no material displacement was observed in the AS
coating, indicating a brittle fracture of the material in the friction process. Thus, plastic
deformation was also slightly involved in the wear process of the LP coating. Summarizing
the observations made, it can be concluded that laser treatment resulted in a change in the
dominant wear mechanisms, from an oxidative—abrasive mechanism in the AS coating to
an oxidative-adhesive mechanism with delamination in the LP coating.
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4 Sliding direction

Figure 5. Morphology of worn scars and corresponding EDS results obtained from the area high-
lighted by the rectangle: (a) AS coating, (b) LP coating. Images were obtained by SEM. The LP coating
was obtained at a laser power of 2 kW and a scanning speed of 75 mm/s.

The coefficients of friction (CoFs) are shown in Figure 7 as functions of test time.
Average values are given in Table 1. All CoF curves were characterized by a rapid running-
in stage (less than 200 s), after which the CoF reached a steady state. The lowest average
CoF of 0.44 was observed for the substrate. The average CoF values for the AS and LP
coatings were significantly higher, and they were 0.67 and 0.7, respectively. The CoF curve
for the LP coating reached a plateau-like trend after 800 s and maintained it for the whole
test time. At the same time, the CoF curve for the AS coating after the running-in stage
showed a lower level and a slightly increasing trend until the end of the test, when it
reached comparable value with the LP coating. As mentioned above, in the present work,
the dominant wear mechanism for the AS coating was oxidative wear accompanied by
the destruction of thick oxide films and the formation of abrasive particles. The abrasive
particles formed during the friction process led to a decrease in the friction force and,
accordingly, a gradual increase in the CoF. In the case of the LP coating, the thin oxide
tribolayer formed after the running-in stage prevented the formation of abrasive particles,
which led to a plateau-like trend in the friction coefficient. It is to be expected that with
further increases in test duration, the AS coating CoF would continue to rise, while the LP
coating CoF would maintain a plateau-like trend. A similar trend of coefficient of friction
during long-time tests was observed in [28], but the CoF value for the remelted coating was
much lower than that for the as-sprayed coating, which can be explained by the differences
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in the composition and structure of the obtained coatings and the wear test conditions
compared to the present work.
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Figure 6. Cross-sectional profiles of worn scars: (a) AS coating, (b) LP coating. Arrows indicate
displacement of the coating material from the friction zone. The LP coating was obtained at a laser

power of 2 kW and a scanning speed of 75 mm/s.
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Figure 7. Evolution of CoF during dry sliding wear tests. The LP coating was obtained at a laser

power of 2 kW and a scanning speed of 75 mm/s.
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4. Conclusions

Using the Ti-Cr3C, powder mixture, composite coatings with a residual Cr3C, content
of about 12-13 wt.% were successfully deposited onto titanium alloy substrates by cold
spray. The optimal values of laser power (2 kW) and scanning speed (75 mm/s) leading to
the qualitative fusion of the coating with the substrate with minimal porosity and absence
of defects were revealed. EDS and XRD analyses showed that the phase composition
of the as-sprayed coating did not change compared to the feedstock powder, while the
laser-treated coating was transformed into a 3-Ti(Cr) solid solution with homogeneously
distributed irregular and localized dendritic TiCy particles. Nonstoichiometric TiCy phases
were synthesized as a result of a reaction between titanium and chromium carbides and
a reaction between titanium and carbon formed during the dissolution of chromium car-
bides. A metastable solid solution 3-Ti(Cr) formed due to the dissolution of 3-stabilizing
chromium in the «-titanium matrix and fast cooling after remelting. The remelted coat-
ing was characterized by a higher microhardness of 437 HV, ; and a lower wear rate of
0.25 x 1073 mm?/N x m under dry sliding wear conditions compared to the as-sprayed
coating and substrate. The wear mechanism changed from oxidative-abrasive for the
as-sprayed coating to oxidative-adhesive with delamination for the remelted coating. The
obtained results broaden the perspectives for the use of the combined technique of cold
spraying with subsequent laser remelting for the fabrication of hard and wear-resistant
Ti-based cermet coatings, which are in demand in various modern industrial fields.
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