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IMPROVING THE WEAR RESISTANCE OF TITANIUM ALLOYS BY
THERMAL SPRAYING METHODS

The study aims to enhance the wear resistance of titanium alloys by applying
thermal spray coatings using plasma and detonation spraying techniques. The
structural features and phase composition of thermal spray coatings were
investigated through chemical analysis and X-ray diffraction. The microstructure,
particle size, and hardness were evaluated by microhardness testing and micro X-
ray spectral analysis. It was established that the coatings formed by plasma and
detonation spraying of titanium carbide powders clad with nickel and copper exhibit
a heterogeneous microstructure. Carbide particles are dispersed in a metallic matrix
containing oxide inclusions. The microhardness of the particles depends on the
cladding material and initial powder size. Detonation coatings showed a more
uniform distribution and finer particle sizes (10-15 um) compared to plasma
coatings (2060 um). The presence of nickel phosphides and various intermetallic
compounds was confirmed in both types of coatings. The detonation method led to a
higher phosphorus content in the matrix due to reduced losses during spraying.
Despite similarities in phase composition, structural uniformity and lower porosity
were more prominent in detonation-sprayed coatings. Titanium alloys possess poor
antifriction characteristics, which can be significantly improved by applying thermal
spray coatings. Plasma and detonation spraying methods effectively enhance wear
resistance, with detonation spraying offering better microstructural uniformity and
phase distribution.
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Introduction. Titanium alloys are known for their high specific strength,
corrosion resistance, and biocompatibility, which makes them indispensable in
aviation, medicine, chemical industry, and other fields. However, their main
disadvantage is low wear resistance and a high tendency to galling and adhesion under
friction, which may lead to rapid degradation of parts, especially those operating
under friction and high load conditions. Improving the wear resistance of titanium
alloys via thermal spraying is a key direction in modern materials engineering,
significantly expanding the application of these unique metals in high-tech industries.
Forming wear-resistant thermal spray coatings on titanium alloys is a complex,
multifactorial task aimed at enhancing their operational performance.

During the formation of thermal spray coatings, diffusion interaction between the
coating material and the titanium substrate can occur, leading to the formation of new
intermetallic or oxide phases at the interface, which affects adhesion strength and
performance. Residual stresses, especially thermal ones, arise in the "wear-resistant
coating — metal substrate" system and can influence the coating’s resistance to
cracking. Minimizing these stresses is critical. Tribo-oxidative layers and
mechanically mixed layers may form on the coating surface during friction. While
these layers may provide initial protection, they can deteriorate at high sliding speeds
or elevated temperatures, resulting in delamination and adhesive wear. Titanium
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alloys are susceptible to both mild and severe wear. The formation of tribo-oxide
layers often helps shift the wear regime to the mild type.

Ensuring the durability of aviation equipment and improving the performance of
parts, assemblies, and mechanisms operating under friction in corrosive environments
is essential. Therefore, improving the antifriction properties of titanium alloys is
crucial, given their properties (high specific strength, non-magnetic nature), making
them promising structural materials. However, their sensitivity to overheating, stress
concentrators, and tendency to galling limit the available surface hardening methods.

An effective way to improve the durability and reliability of aviation parts is to
use coatings applied by thermal spraying methods (plasma, detonation, flame
spraying), which are characterized by high productivity, versatility in applicable
materials, low substrate heating temperatures (no more than 200°C), significant
coating thickness (up to several millimeters), and the ability to restore worn parts [1;
2].

Thermal spraying, with its broad technological capabilities, allows for the
efficient use of powders in various industries. The application of thermal spray
coatings to worn parts is determined by their high antifriction properties, which affect
the performance of coated materials in friction units depending on technological
factors, coating properties, external environmental conditions, and the counter-body
material.

Research Results. The article presents the results of a study on wear resistance,
structure, and phase composition of plasma coatings on titanium alloys for specific
parts of aerospace equipment. A plasma coating is a particular type of material formed
as a result of impact, deformation, and extremely rapid crystallization of small (10—
150 um) particles of material sprayed onto a substrate. Sequentially layering on top of
each other, the particles form a laminated coating with anisotropic physical and
mechanical properties, heterogeneous in structure and chemical composition. It is
characterized by a developed surface of particle interfaces and an increased content of
oxide inclusions, especially along the boundaries of particles and individual layers.
The contact processes occurring during particle impact, deformation, solidification,
and cooling, as well as their physicochemical interaction with plasma-forming gases
and the environment during movement to the substrate, determine the structure and
properties of the coating. In the case of detonation spraying, which is a pulsed
process, a single cycle forms a coating about 5 um thick, i.e., coatings thicker than 40
um are almost always multilayered. A necessary condition for spraying is partial
melting of the material, although to a lesser extent than in plasma spraying. Due to the
high concentration of particles, the contact temperature between them during single-
layer formation is close to the melting point, which leads to the blurring of boundaries
between individual particles. A single layer appears monolithic under microscopic
observation, while the boundaries between layers are distinctly visible. A peculiarity
of such coatings lies in the formation of layers with varying degrees of melting of the
sprayed material, which negatively affects their properties. The coating layer closest
to the outer surface is the most weakly bonded with the underlying layers, as it is not
additionally strengthened (via impact hot pressing) during the spraying of subsequent
layers. A significant factor in detonation spraying is the mutual influence of particles
and their high velocity, which forms a structure different from that of plasma coatings.
Special attention should be given to gas-thermal coatings based on titanium carbide
powder with various claddings, as this material was studied most thoroughly. The
structure of the coatings after spraying consists of carbide particles distributed in a
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metallic matrix, as well as oxides of the cladding elements[3-5]. The microstructure is
heterogeneous in the size of the constituents, their microhardness, and distribution.
The microhardness of the particles varies depending on the type of cladding metal and
the size of the carbides. For initial particle sizes of 80-100 um, carbide inclusions had
a microhardness of 14-29 GPa. As the particle size decreases, a more complete
interaction with the cladding material during spraying is observed, resulting in
reduced carbide microhardness. Chemical and phase X-ray structural analyses were
carried out on the powder and coatings after plasma and detonation spraying. The
distribution of C, Ti, Ni, Cu, P, and O, elements in phases was studied using micro X-
ray spectral analysis with a “Superprobe-733” device. The size of carbide particles in
coatings based on titanium carbide clad with nickel and copper was 20-60 um. The
structure showed individual particle conglomerates that were apparently formed
during the powder cladding stage. The structure of detonation coatings is
characterized by a more uniform distribution of particles in the matrix; their
microhardness did not exceed 12 GPa and the particle size was no more than 10-15
um. Phase analysis revealed a large number of structural components with different
crystallographic natures. In addition to the main phase of titanium carbide and the
cladding element in the original powder, iron oxides were detected. After gas-thermal
spraying, interaction of the powder with the working gas and the environment, as well
as the specifics of contact processes with the substrate during spraying, lead to a
change in phase composition, as evidenced by the obtained data. The main phases in
the structure are: titanium carbide, complex carbide NiC, nickel, copper, their
intermetallics, and titanium and copper oxides. A significant amount of iron oxides
was found, apparently due to the intensity of diffraction lines, as well as small
amounts of chromium and silicon compounds. The presence of these phases was
confirmed by micro X-ray spectral analysis. Topograms of the plasma coating surface
(TiC, Ni, Cu) were obtained in characteristic X-rays, showing qualitative distribution
of elements within the phases. The images showed that nickel is the most uniformly
distributed between the carbide particles, followed by copper. Phosphorus tends to
accumulate around relatively small carbide particles. In the process of detonation
spraying, the phosphorus content in the matrix increases compared to plasma
spraying, due to the particle size (not more than 40 um) of the original powder (and
thus a thicker cladding layer), as well as reduced phosphorus loss. X-ray phase
analysis showed a small amount of nickel phosphides (Ni.P), which are present in
both detonation and plasma coatings. No significant differences in phase composition
between detonation and plasma coatings were found. However, an increase in the
phase composition of coatings based on titanium carbide clad with nickel and copper
was noted. The complexity of the phase composition and the presence of phases not
intentionally introduced into the coating are likely due to technological impurities
during powder production, cladding, and spraying. Chemical analysis of the powder
and coatings showed the presence of chromium, silicon, and phosphorus in quantities
not exceeding 1 wt.%. Spectral analysis revealed small amounts of elements such as
Mn, Al, Si, Co, and Mo. The chemical composition complexity, due to the diversity of
phases formed during spraying, contributes to structure heterogeneity. No significant
interaction between carbide particles and the cladding shell was detected. The
cladding metal adheres tightly to the particles; slight dissolution of carbon and
titanium in nickel was observed, as indicated by element intensity distribution curves
at the carbide-matrix interface. Alongside titanium and carbon, some carbide particles
showed iron accumulation, unevenly distributed within the particle. Iron is also
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present as oxides. Carbon is evenly distributed throughout the carbide particles, but in
cases of structural defects such as pores or pits, a reduction in carbon content in those
areas was observed. The obtained results indicate the complexity and diversity of
phase transformations occurring during spraying, driven by the chemical composition
of the feedstock powder and its interaction with the working gas and environment. To
obtain a stable phase composition—and hence ensure consistent coating properties—it
is necessary to strictly control the chemical composition during powder production,
cladding, and employ a controlled atmosphere during spraying.

Conclusions. From the studies conducted, it was established that titanium alloys
possess low anti-friction properties: a high and unstable coefficient of friction and a
tendency toward galling[6-7]. The main direction for improving the performance of
titanium alloys in friction units is the use of coatings on components made from these
alloys. The most promising coatings are those applied using various spraying
methods, which, in terms of technological capabilities and technical-economic
indicators, offer significant advantages over traditional coating methods.
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NIABUIIEHHA 3HOCOCTIMKOCTI TATAHOBUX CILIABIB METOJAMHA
IF'ABOTEPMIYHOI'O HAITUJIIOBAHHSA

MeTor JOCHIIDKEHHS € IABUINEHHS 3HOCOCTIMKOCTI THTAHOBHMX CIUIABIB ILISTXOM
HaHECEHHS IOKPHUTTIB 3a JONOMOTOI0 Ta30TEPMIYHMX METOIIB, 30KpeMa IDIa3MOBOTO Ta
neToHamiiHOTOo HamwieHHS. CTPYKTYpHI XapaKTEepUCTHKH Ta (Pa3oBHH CKiIaJ MOKPHUTTIB
IOCTI/DKEHO  METOIOM  pEHTTCHOCTPYKTYpPHOTO  aHalli3y Ta  XIMIYHOTO  aHai3y.
MiKpOCTpYKTYpy, pO3Mip YacTHHOK 1 MIKpPOTBEpHIiCTb BH3HAYalH 3a JOIOMOTOIO
MIKpPOTBEpIOMETPii Ta MiKpO30OHAZOBOTO PEHTTEHOCIEKTPAIFHOTO aHami3y. BcraHoBieHO, 1m0
MOKPHTTS, YTBOPEHI IUIIXOM IUIa3MOBOTO Ta JETOHALIHOTO HaNMJICHHS MOPOIIKIB KapOimy
TUTaHy, IJIAKOBAHMX HIKEJNeM 1 MIAIi0, MalTh HEOMHOPIAHY MIKPOCTPYKTYpY. YacTHHKH
KapOigy pIBHOMIPHO pO3MOJICHI B METalNeBiil MaTpuili 3 BKIIOUCHHSIMH OKCHIIB.
MIiKpOTBEpAICTh YAaCTUHOK 3aJEXKHUTh BiJ MaTepiajdy IUIaKyBaHHS Ta IOYaTKOBOTO PO3MIpy
MOpoIIKy. JleToHaIii{HI MOKPUTTS XapaKTEepU3yIOThCs OiJbLI PIBHOMIPHUM pO3IOALIOM Ta
MEHIIMMH po3Mipamu 4yacTHHOK (10—15 mxwm) mopiBHsHO 3 ruiazmoBumH (20-60 Mkm). Y
CKJIali TOKPHUTTIB MIATBEPKCHO HasgBHICTE Qocdimie Hikemo (NiP) Ta pizHEX
IHTepMEeTaNiTHIX CHONYK. [ TeTOHAIIITHOTO MeToTy XapaKTepHUH BUIIHIA BMICT Gocopy B
MaTpUIll 4Yepe3 MEHIII BTpPAaTH MiJ yac HamwieHHs. He3Bakaroum Ha CXOXICTH (pa3oBOro
CKJIaIy, IETOHALIHHI MMOKPHUTTS MAIOTh KPaIly CTPYKTYPHY OTHOPITHICT 1 MEHIITY IOPHUCTICTb.
TutaHOBI CIIaBM MalOTh HU3BKI aHTU(QPUKIIHHI BIACTHBOCTI, SKi MOYKHA ICTOTHO TOKPAIITUTH
LUISIXOM HAHECEHHs Tra30TepPMIYHMX MOKPHUTTIB. MeTonu IIa3MOBOrO Ta JAETOHALIHHOTO
HanwieHHs e(EeKTHBHO IIiJBUIIYIOTh 3HOCOCTIMKICTh, NMPUYOMY JAETOHALIHHE HaIMICHHS
3abe3meuye BUIILY OJHOPIAHICTh CTPYKTYPH Ta po3noiry dhas.

KirouoBi cioBa: THTAaHOBI CIUIaBH, Ta30TEPMIYHE HAMWICHHS, 3HOCOCTIHKICTD,
JIETOHAIlIiiHe HAIlWJICHHS, IUIa3MOBI MOKPHTTS, MIKPOCTPYKTYpa, (a3oBUii aHaii3, kKapOimHi
YaCTHHKU.
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