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Abstract: Titanium alloys offer advantages over steel due to their low specific density and high specific
strength. This makes them indispensable in products for the aerospace, marine, and damping industries,
among others. However, their poor frictional properties significantly limit their applications. This study
proposes a way to minimize this disadvantage of titanium alloys by modifying their surface layers using an
advanced thermochemical treatment (TCT) in a gas environment with controlled oxygen and nitrogen
Contents. Surface layers of VT6 titanium alloy were modified at 750°C with limited oxygen access and a
controlled nitrogen flow. This TCT mode limited the thickness of TiO2 or TiN uniform layers formed on the
surface of the alloy to 1-2 um. Immediately beneath them, layers of solid-solution-hardened material with a
gradient of oxygen or nitrogen content formed. Their microhardness gradually decreased, reaching the level
of untreated titanium at a depth of 29-30 um. To confirm the effectiveness of TCT, a friction test method was
used under conditions of oscillatory sliding of steel and ceramic balls (as counterbodies) on a hardened
surface. Wear profiles revealed small indentations from spherical counterbodies into the surface-hardened
layers (from 3 to 1 um under dry friction and boundary lubrication conditions, respectively). Hard particles
of titanium dioxide or nitride altered the wear track profile on the surface of the TCT samples from relatively
uniform to textured due to the selective removal of small chips. Despite the higher microhardness, the nitrided
layer turned out to be 40-50% worse than the oxidized layer in terms of wear resistance, and this did not
depend on the friction conditions (counterbody material, friction conditions, or the type of lubricant used).
This was explained by the charging of the surface layers of the samples with superhard TiN fragments that
entered the friction zone. Under dry friction, the friction coefficient between the steel ball and the surface-
hardened VT6 alloy remained stable, but increased when using a ceramic ball. Under boundary lubrication,
the friction coefficient remained constant by removing wear debris from the friction zone. Overall, the tests
showed that controlled surface oxidation of the VT6 titanium alloy provides superior wear resistance
compared to nitriding.

Keywords: VT6 titanium alloy, thermochemical treatment; solid-solution hardening; microhardness;
oscillatory sliding friction; boundary lubrication; wear resistance; friction coefficient.

1. INTRODUCTION

The unique synergy of low density, high specific strength, and excellent corrosion
resistance renders titanium alloys indispensable for critical industrial applications, particularly
in the aerospace, maritime, and defense sectors [1-3]. Furthermore, nickel-titanium (nitinol)
alloys — characterized by exceptional super elasticity and shape memory effects — are vital for
fabricating structural dampers used in seismic mitigation [4—6]. Within the aerospace industry,
which currently consumes half of the global titanium supply, these alloys are utilized for
compressor disks and blades, air intake components, guide vanes, and fasteners [7]. This
consumption is projected to double over the next decade.
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Beyond mechanical strength, titanium’s low coefficient of thermal expansion ensures
the dimensional stability of structural components, such as hydraulic engine cylinders. This
stability is critical for both high-precision military hardware and specialized civilian
applications, including agricultural herbicide spraying systems. Notably, titanium alloys remain
unrivaled for aircraft engines operating at Mach 2.0 to 3.5.

Despite these advantages, the replacement of steel fasteners with titanium alternatives
is hindered by titanium’s inherent susceptibility to galling (seizure) [7]. Technical data indicates
that when titanium alloys interface with harder metals, titanium tends to transfer (adhere) to the
counter-body surface, resulting in titanium-on-titanium friction. Conversely, when in contact
with softer metals, the softer material transfers to the titanium surface. This adhesive wear
complicates disassembly during maintenance and repair. To mitigate this, wear-resistant anti-
seizure layers are typically engineered onto the fastener surfaces [8-11].

The widespread implementation of titanium alloys is further restricted by their poor
tribological properties. Due to titanium's high chemical affinity for oxygen, it naturally forms a
thin, stable oxide film that exhibits poor wettability with mineral oils, leading to a high
coefficient of friction during sliding. Thermochemical treatment (TCT) technologies,
specifically diffusion coating, offer a robust solution to improve these tribological
characteristics. Interstitial strengthening of surface layers with oxygen or nitrogen — followed
by the formation of discrete oxide or nitride surface films — retains the original dimensions of
the components, a significant advantage for manufacturing precision [12-15].

The performance of these strengthened layers is heavily influenced by the magnitude
and sign of residual stresses [16]. These stresses emerge during the cooling phase of TCT due
to elastic interactions and mismatches in specific volume and the coefficient of thermal
expansion (CTE) between the diffusion layer and the substrate. To optimize the balance of
strength and toughness, TCT is often integrated with heat treatment, allowing for the
simultaneous batch processing of numerous components [17, 18].

However, a lack of comprehensive data regarding the tribological behavior of surface-
hardened titanium alloys by TCT limited their industrial adoption.

This study aims to develop of diffusion-modified layers by interstitials elements on the
VT6 titanium alloy and demonstrate the efficacy of TCT (specifically oxidation and nitriding)
as an excellent method for enhancing tribological performance.

2. METHODS

The tribological properties were investigated using the two-phase VT6 titanium alloy.
The alloy microstructure primarily consists of an aluminum-stabilized a-phase (hexagonal
close-packed lattice) and a secondary vanadium-stabilized B-phase (body-centered cubic
lattice). The chemical composition of the alloy, compliant with GOST 19807-91, is as
follows (wt.%): 6.2 Al, 4.3V, 0.3 Fe, 0.1 C, 0.1 Si, 0.2 O, 0.05N, and 0.015 H.

Surface hardening was performed using an enhanced thermochemical treatment (TCT)
technology [19]. Specimens were prepared as plates (15 x 25 x 1 mm) with plane-parallel
polished surfaces. The TCT process was conducted in an electric vacuum furnace at 750°C for
2-5 hours under a controlled atmosphere (oxygen or nitrogen content).

The phase composition of the solid-solution-hardened surface layers was characterized
by X-ray diffraction (XRD) using a DRON-3.0 diffractometer with monochromatic CuKa
radiation in a Bragg—Brentano geometry. Scanning was performed with a step size of 0.05°.
Diffraction maxima and phase lattice parameters were determined using Sietronix, PowderCell
2.4, and FullProf software, with reference data from the JCPDS-ASTM databases.

The structural features of the diffusion-saturated layers and the resulting wear
mechanisms were analyzed via scanning electron microscopy (SEM) using an EVO 40XVP
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system. Elemental mapping and composition of the structural components were performed
using an INCA Energy 350 energy-dispersive X-ray spectroscopy (EDS) system.

Tribological performance was evaluated using reciprocating friction tests. The counterfaces
consisted of steel (ShKh15/AISI 52100, 62 HRC) or ceramic (Al, O3 ) balls with a diameter
of 10 mm (Fig. 1 a). Tests were conducted under dry friction and boundary lubrication conditions
using two types of lubricants: mineral oil (1-20) and synthetic oil (EDGE 5W-30). The applied load
was 10 N, and the total sliding distance was 1600 mm for all tests. Wear was quantified by averaging
five cross-sectional area measurements taken at different points along the wear track. Wear track
profiles were recorded using a «Caliber S-265» profilometer-profilograph (Fig. 1 b).
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Figure 1. Schematic representation of the friction tests: (a) oscillatory sliding of a counterbody made of
a steel or ceramic ball on the surface of hardened VVT6 alloy and (b) typical cross-sectional geometry of

a wear track of depth h and width I. 1 — polished specimen surface; 2 — counterbody (ball rigidly fixed to
the loading beam); FN — applied normal force.

The cross-sectional area of the wear track (S) in any given section was calculated using
the following expression:

S= Z|:|h(xi)|Axi,
i—0

where: h — is the wear groove depth on the hardened layer surface, determined from the cross-
sectional profile (um); 1 — is the width of the groove (mm); h(xi) — is the groove depth at each
i-th point of the scanned section (um); Axi — is the sampling interval along the width of the
wear track section where hi and li were measured. The microhardness of the modified layers
was measured using a PMT-3M tester under a constant load of 0.49 N (50 gf).

3. RESULTS AND DISCASSION

3.1. Structural and Phase Analysis of Modified Surface Layers

Structural and phase analysis of the VT6 alloy surface layers after TCT revealed no
morphological evidence of distinct bulk phases within the immediate subsurface region. This
indicates that the hardening mechanism is mainly due to solid solution strengthening. (Fig. 2).
X-ray diffraction (XRD) analysis identified a thin phase layer close to titanium dioxide (~TiO2)
on the surface of the oxygen-modified specimens. In contrast, the nitrogen-modified specimens
exhibited a titanium nitride phase with a stoichiometric composition of approximately
~TiN1.83 (Fig. 3). However, the thickness of these compound layers (oxide or nitride) did not
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exceed 2 pm. In contrast, the diffusion zones strengthened by the solid solution of oxygen or
nitrogen reached significantly greater depths, ranging from 50 to 100 pm.

(b)
Figure 2. Cross-sectional microstructure of the diffusion-modified layers on the VT6 titanium alloy
after (a) oxidation and (b) nitriding.
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Figure 3. X-ray diffraction patterns of surface layers of the VT6 alloy after diffusion solid solution
strengthening with oxygen (a) and nitrogen (b). Opposite the reflections on the diffraction patterns, the
corresponding phases are indicated.

According to the results of micro-X-ray spectral analysis of the content of elements in the
oxidized layer on the surface of the VVT6 alloy (by scanning over the area), 14.28 wt.% oxygen was
found in its composition (Table 1), which confirmed the implementation of solid solution hardening.
The same studies of the nitrided surface layer on the VVT6 alloy revealed not only nitrogen (9.45 wt.%),
but also a fairly significant amount of oxygen (4.28 wt.%, Table 1). The appearance of oxygen in the
spectrum of the nitrided layer was explained by the use of technically pure nitrogen with oxygen
impurities for nitriding. However, this amount of oxygen was not enough for the formation of an
oxynitride layer. This was also confirmed by X-ray analysis of the phases in the nitrided layer, which
confirmed the presence of only titanium compounds with nitrogen such as Ti2N and TiNx (Fig. 3).

Table 1. Elemental composition of surface layers of VT6 titanium alloy after different types of TCT

Element Oxidation Nitriding
Wt.% At.% Wt.% At.%
N 0.00 0.00 9.45 20.52
0 14.28 30.48 4.28 9.54
Al 451 5.67 4.49 5.88
\/ 3.02 2.08 3.91 2.72
Ni 0.12 0.08 0.13 0.10
Fe 0.30 0.17 0.18 0.11
Ti balance balance
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Since the atomic radius, solubility and diffusion mobility of oxygen and nitrogen in titanium
differ significantly, the surface layers formed on the surface of the analyzed alloy differed in strength
(depending on the temperature-time conditions of saturation and control of the oxygen or nitrogen
content in the composition of the media during TCT). In particular, the microhardness HVo.49 on the
surface of titanium after its solid solution hardening in an oxygen-containing environment was more
than twice as high as that characteristic of titanium in the initial state (7.3 and 3.6 GPa, respectively).
And this despite the fact that the titanium oxide film on its surface was not visualized at all. The
increased hardness of the oxidized layer was felt at a depth of up to ~30 um. Nitriding caused the
appearance of two layers on the surface of titanium. In the upper one with a thickness of up to 3 um,
titanium nitrides (TiNx+Ti2N) were formed, and only under this layer was a sublayer formed based
on a solid solution of nitrogen in o-titanium with a thickness of ~ 20 pm. As a result, the surface
microhardness of nitrided titanium increased almost threefold (up to 9.4 GPa). Common to both
variants of TCT was the disappearance of the positive effect of solid-solution hardening of titanium
on its microhardness with deepening into the hardened layers. It was believed that this was caused
by the different content of the elements of the embodiment at different depths of their diffusion
penetration. After all, at a temperature of 750°C, the diffusion coefficient of nitrogen in a-titanium
IS 6...7 times smaller than that of oxygen. In particular, the diffusion coefficient of oxygen in o-
titanium calculated according to the Arrhenius equation was ~2.62x10 ™, and that of nitrogen was
~3.14x107% m?/s. As a result, oxygen was able to penetrate to a greater depth into the cross-section
of the titanium sample, which resulted in a greater thickness of the hardened layer during oxidation
compared to nitriding. A feature of the use of oxidation and nitriding was also a significant (more
than 4.5 times) increase in the surface roughness Ra of the VVT6 alloy after TCT (from 0.065 to 0.23
um). Moreover, the effect on the Ra index did not depend on the environment used for TCT.

3.2. Morphological Features of Wear Tracks

Analysis of the wear track profiles on both types of solid-solution-hardened layers revealed
distinct deviations from the behavior of untreated titanium. While the untreated \VT6 alloy typically
exhibits a traditional wear groove geometry (Fig. 1b), the oxidized and nitrided specimens showed
irregular profiles with non-uniform depth distributions (Fig. 4).
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Figure 4. Representative cross-sectional profiles of wear tracks on oxidized and nitrided VVT6 alloy surfaces
following oscillatory sliding against steel and ceramic counterbodies under dry friction and boundary lubrication
(mineral 1-20 or synthetic EDGE oils).

These variations in wear track morphology are attributed to the interaction between the
hardened sublayers and significantly harder second-phase particles (TiO2 or TiN). Although the
microhardness of the diffusion zones decreases from 7.3-9.4 GPa at the surface to the base level of
3.6 GPa at depths of 2030 um, the presence of extremely hard surface phases (8 GPa for TiO2 and
up to 24 GPa for TiN) fundamentally alters the wear mechanism. Due to their high hardness, these
oxide and nitride particles become embedded into the surface of either the steel or ceramic
counterfaces, acting as micro-cutters that produce deep scratches (plowing) on the specimen surface
under all lubrication conditions. The density of these depressions was highest during dry sliding
against the steel ball, slightly lower against the ceramic ball, and reached a minimum under
lubricated conditions. This suggests that wear during oscillating friction occurs through the stepwise
removal of thin chips by these hard particles. In dry friction tests against a steel ball, the maximum
depth of the wear tracks on both types of coatings did not exceed 4-5 um. Under boundary
lubrication, this depth decreased to 3.0-3.5 um. This reduction is attributed to the flushing effect of
the lubricant, which removes hard wear debris from the contact zone and prevents its embedding
into the counterface, thereby mitigating the micro-cutting process.

Frictional interaction with the ceramic ball resulted in wear track profiles that maintained
the previously observed irregular relief (Fig. 4). However, the maximum depth of these depressions
generally increased compared to those formed against the steel counterface. Furthermore, the
ceramic counterface produced a more pronounced wear groove, a feature that was nearly absent in
tests with the steel ball. This behavior is attributed to the superior hardness of the ceramic material,
which inhibits the embedding of hard TiO2 or TiN particles into its surface. Consequently, the
intrinsic hardness of the ceramic ball becomes the dominant factor, leading to more intensive
abrasive wear of the hardened titanium layers. The comparable depths of the depressions on both
oxidized and nitrided layers when lubricated with EDGE synthetic oil further support this; as wear
debris is partially flushed from the contact zone, the influence of the counterface material properties
becomes more significant than the specific type of TCT.

The complex geometry of the wear track cross-sections necessitated a refined
methodological approach for calculating the wear area. Conventional quantitative estimates, which
rely on simple geometric averaging, were replaced by a sectional integration method. The total
cross-sectional area was determined by partitioning the profile into individual segments
corresponding to each depression. The area of each segment was calculated based on its specific
geometry, and these values were summed to determine the total cross-sectional area for a given
section. By integrating these areas over the total sliding path, the total wear volume was precisely
quantified, characterizing the material loss of the surface-hardened layers.

3.3. Tribological Performance and Wear Resistance

The wear resistance of the oxidized VT6 alloy surface was consistently higher than that
of the nitrided surface, regardless of the counterface material or lubrication conditions (Table 2).
This phenomenon is attributed to the higher intrinsic hardness of the nitrided layer (Table 1).
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Table 2. Wear volume* (V x 103 um3) of oxidized and nitrided VVT6 alloy surface layers under
oscillating friction against steel and ceramic counterbodies

Lubrication conditions
during friction

Steel ball contact with

Ceramic ball contact with

oxidized layer

nitrided layer

oxidized layer

nitrided layer

No lubrication 0.52 0.82 0.77 1.13
Mineral oil 1-20 0.26 0.41 0.52 0.57
Synthetic oil EDSE 0.24 0.33 0.56 0.70

*In this case, the value of wear of the reinforced layer due to friction was estimated by volumetric losses
determined by multiplying the average value of the cross-sectional area of the wear groove by its length.

During the friction process, extremely hard (24 GPa) TiN micro-particles are generated as
wear debris. These particles act as an abrasive medium, scratching both the specimen surface and
the counterface. The resulting increase in counterface roughness further accelerates the wear of the
nitrided layer. In contrast, TiO, particles from the oxidized layer, possessing a lower hardness (7—
8 GPa), exhibit a less aggressive abrasive effect on the counterfaces, thereby preserving the integrity
of the surface-hardened layer for a longer duration. The introduction of lubrication into the contact
zone between the steel ball (8 GPa) and the hardened layers reduced wear by more than 50%
(Table 2). While the oxidized layer showed no significant sensitivity to the lubricant type, the
nitrided layer exhibited 25% higher wear resistance in synthetic oil compared to mineral oil.

A significant increase in wear was observed when the steel ball was replaced with a ceramic
counterface (20 GPa). Under dry friction, wear increased by up to 40%. Paradoxically, under
boundary lubrication, the wear rate approximately doubled compared to the values recorded with
the steel counterface. This unexpected result contradicts the conventional assumption that lubricants
primarily reduce wear by flushing debris from the contact zone. The intensification of wear in the
presence of lubricants when using a ceramic counterface suggests that additional, yet unidentified,
factors-possibly related to the chemical interaction or the specific rheology of the debris-oil
mixture-influence the tribological behavior of solid-solution-hardened titanium alloys.

3.4. Evolution of Friction Coefficients

Under dry sliding conditions, the friction coefficient (f) of the oxidized VVT6 alloy layers
exhibited an upward trend for both types of counterfaces, with this effect being most
pronounced when paired with the ceramic ball (Fig. 5).

Specifically, while f increased from 0.12 to 0.14 against the steel ball, it reached 0.3
when tested against the ceramic ball. A similar, yet more intense, increase in f was observed for
the nitrided layer in contact with the ceramic counterface. In contrast, during tests with the steel
ball, the friction coefficient of the nitrided layer remained stable throughout the duration of the
test, albeit at a higher baseline (f = 0.2) compared to the oxidized layer.

The introduction of lubrication (either mineral or synthetic oil) into the contact zone
effectively stabilized the friction coefficient for both the oxidized and nitrided layers. In all
lubricated tests, f remained constant within the range of 0.12-0.14 for the entire test period (Fig.
5). This stability serves as direct evidence of the lubricant's efficiency in flushing wear debris
from the contact interface. Consequently, under boundary lubrication, the choice of lubricant
effectively stabilizes the frictional behavior and, by extension, the wear rate of TCT-hardened
VT6 alloy.

Notably, in dry friction against a ceramic ball, the TiO. coating showed a significant
tendency toward an increasing friction coefficient. However, the addition of oil regardless of
its type (mineral or synthetic) mitigated this effect, ensuring a stable friction coefficient not
exceeding f = 0.14 for all investigated surface modifications.
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Figure 5. Evolution of the friction coefficient for oxidized and nitrided VT6 alloy specimens during friction
tests by oscillatory sliding against steel and ceramic counterfaces. Results are shown for dry friction and
boundary lubrication conditions using mineral (1-20) and synthetic (EDGE) oils.
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4. CONCLUSIONS

Thermochemical treatment (TCT) of the VT6 titanium alloy in controlled oxygen or
nitrogen environments significantly enhanced surface microhardness, increasing it from the
base value of 3.6 GPa (345 HVo.9) to 7.3 GPa (744 HV.49) for oxidized layers and 9.4 GPa
(939 HVo.49) for nitrided layers.

Wear track cross-sections on oxidized and nitrided surfaces showed irregular patterns
with deep, localized depressions. This morphology of the friction surface is attributed to the
embedding of hard titanium dioxide or nitride particles into the counterbody (steel or ceramic
balls). During friction they act as micro-cutters, intensifying surface wear through a plowing
mechanism and the removal of fine chips. As a result, small scratches appear on the friction
surface, and a significant difference in the relief of the wear track profile is observed across its
entire width.

Under oscillatory sliding friction, the oxidized VT6 alloy demonstrated 40-50% higher
wear resistance compared to the nitrided layer. This trend was consistent across all counterface
materials, lubrication states, and lubricant types (mineral 1-20 or synthetic EDGE oil). At higher
hardness, nitrided layers on the VT6 alloy demonstrated lower wear resistance than oxidized
layers. This is explained by the abrasive action of TiN wear debris, which increases counterface
roughness and accelerates material removal from the hardened layers on the titanium alloy.

During dry friction tests against a steel ball, the friction coefficient remained stable for
both modified layers. However, when paired with a ceramic ball, the friction coefficient began
to increase after 200-300 s of testing. This behavior is associated with the dominant role of the
ceramic counterface hardness in the friction process as the contact evolves.

In boundary lubrication conditions, the friction coefficient for all tested pairs remained
stable throughout the testing period. This stability is attributed to the effective flushing of hard
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wear products (TiOz or TiN particles) from the contact zone by the lubricant, preventing their
abrasive interaction with the surface.
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