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Abstract
The ease of fabrication and welding, biocompatibility, high strength-to-weight
ratio, capability to withstand temperatures up to 800 °C, and low modulus of
elasticity make titanium and its alloys a critical material choice for automotive,
biomedical, and aerospace industries. Despite its many advantageous proper-
ties, the application of Ti–6Al–4V alloy is limited, particularly regarding its
tribological and surface morphological characteristics. Enhancing these proper-
ties is crucial, and numerous attempts and studies have been conducted for this
purpose. This paper presents a review of the morphological and tribological
behaviors of titanium alloys, including Ti–6Al–4V, against different materials
such as carbide tools and other material types under dry and lubricated slid-
ing conditions. Surface morphological characteristics, wear behavior, and other
relevant properties are discussed in this review article.
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Abstract
Titanium and its alloys represent a critical material choice for automotive,
biomedical, and aerospace industries due to their excellent fabricability, weld-
ability, biocompatibility, high strength-to-weight ratio, ability to withstand tem-
peratures up to 800 °C, and low modulus of elasticity. Despite these favorable
attributes, the application of Ti–6Al–4V alloy is limited by its tribological and
surface morphological characteristics. Enhancing these properties is essential,
and numerous attempts have been made to address this challenge. This paper
presents a comprehensive review of the morphological and tribological behaviors
of titanium alloys, including Ti–6Al–4V, against various counterface materials
such as carbide tools and other material types under both dry and lubricated
sliding conditions. The review discusses surface morphological features, wear
mechanisms, and other relevant properties.

Keywords: Titanium・Tribological behavior・Surface morphology・Dry sliding
・Lubricated sliding

1 Introduction
Following the recognition of titanium alloys’importance for spacecraft, aircraft,
missiles, medical devices, automotive components, and other applications [1],
the US government began funding titanium research initiatives. At that time,
titanium was considered the first structural material to receive such significant
scientific, financial, and political attention. A major milestone occurred in 1965
when Per-Ingvar Branemark utilized titanium in the first dental implant [2]. As
noted above, titanium alloys possess numerous beneficial characteristics; they
are employed in heat exchangers due to their high-temperature resistance and
in aircraft engines because of their lightweight nature. Titanium is 45% lighter
than steel yet offers comparable strength [3]. Additionally, titanium alloys are
used in tools and jigs for molten metal processing due to their low thermal con-
ductivity [4]. Their strength-to-weight ratio makes them suitable for biomedical
and various other applications [5]. Ti alloys have long been considered among
the most desirable materials in aerospace and automotive industries because of
their tremendous weight savings and specific strength advantages over Ni-base
superalloys. The ductility of Ti alloys can be improved by incorporating Nb and
Cr elements, while their strength and creep resistance at temperatures exceeding
800 °C can also be enhanced [6, 7].
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Titanium alloys exhibit tensile strengths ranging from 20,000 to over 200,000 psi,
with high-cycle fatigue capability and a melting point of 1668 °C [8]. There are
four categories of titanium alloys: alpha, beta, alpha–beta, and pure grades [9],
each offering specific properties for different applications. Pure titanium con-
tains no alloying elements, making it very ductile but relatively low in strength
[10]. Alpha alloys provide reliable strength at high temperatures and are read-
ily weldable, typically containing aluminum [11]. Beta alloys are primarily used
for applications requiring high tensile strength and are heat-treatable unlike
alpha alloys [12], utilizing stabilizers such as silicon or molybdenum. Alpha–
beta alloys are the most commonly used titanium alloys because they combine
the best qualities of both types, offering a balance between corrosion resistance,
weight, and average strength [13]. These alloys are heat-treatable and incor-
porate both beta and alpha stabilizers [14]. Ti–6Al–4V (Ti64), also known as
grade 5 titanium alloy [15], is used worldwide for high-temperature applications
up to approximately 315.55 °C. In addition to its good ductility, its strength can
be increased through heat treatment [16]. This grade contains 4% vanadium
and 6% aluminum [17] and is widely used in automobiles, reaction equipment,
aircraft, biomedical applications [18], and other industries [19].

Titanium and its alloys exhibit poor wear resistance, tribological properties, and
fretting behavior when sliding against even softer materials [20]. Low thermal
conductivity is one of the primary causes behind the weak tribological charac-
teristics of titanium, mainly resulting from low shear strength and dislocation
of the thin titanium dioxide film, leading to accelerated wear on the alloy’s
surface [21]. Other disadvantages include unstable and high coefficient of fric-
tion (COF), limited load-bearing capacity, low adhesive and abrasive wear resis-
tance, and low hardness [22]. These limitations have motivated tribologists to
improve the surface morphological and tribological properties through various
approaches, including chemical treatment, thermal oxidation, tribo-film gener-
ation, surface hardening, chemo-thermal treatment, surface texturing, coatings,
and counter-body selection [23].

The tribological behavior of titanium alloys can be determined using several
established methods; however, appropriate procedures should be selected based
on the specific application to enhance their tribological performance [24]. Com-
prehensive research on the tribological properties of Ti–6Al–4V against various
counter bodies under different environmental and operating conditions is there-
fore crucial [25]. The primary tribological parameters to investigate are friction
and wear [26]. Common experimental methods for determining wear character-
istics include abrasive wear tests, sliding wear tests, and slurry corrosion tests.
Tribometers can conduct sliding wear tests at elevated temperatures using disc-
on-disc, ring-on-disc, pin-on-disc configurations, etc. [27]. Cutting tools made
from diverse materials such as CBN, ceramics, carbides, and PCD are subject
to wear mechanisms including diffusion, chemical dissolution, and adhesion [28].
Tool wear represents the most significant tribological issue when machining tita-
nium alloys, with the most common wear observed on the flank and rake faces
of cutting tools [29, 30]. This wear substantially affects machining performance
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in terms of power consumption [31], cutting temperature [32], surface finish,
etc. [33]. PVD-TiAlN-coated cutters are used for machining titanium alloys
to enhance tribological properties due to their excellent wear resistance, good
chemical stability, and high hot hardness [34]. Cutting tool grade and material
selection are critical when working with titanium alloys. Basic knowledge of
cutting tool performance is essential for proper material selection, considering
component shape and type, required surface quality, and machining conditions
[35]. Various tool grades with distinct properties are used to achieve different
combinations of tensile strength, wear resistance, and hardness. Generally, a
successful cutting tool should be tough (resistant to bulk breakage), hard (re-
sistant to deformation and flank wear), chemically stable (resistant to diffusion
and oxidation), and thermally stable [36, 37]. Carbide inserts are the most
widely used tools in the machining industry [38–40]. Carbide is a chemical com-
pound of carbon with an electronegative element, classified into metal carbides
(tungsten, tantalum, vanadium, titanium) [41] and non-metal types (boron, sil-
icon, calcium). Metal carbides are primarily used as cutting tools due to their
high-temperature resistance and extreme hardness, making them suitable for
cutting, drilling, polishing, and grinding [42, 43].

2 Features and Applications of Titanium Alloys for the
Aerospace Industry
Titanium has been utilized in the aerospace industry for many years because
of its lightweight, exceptional corrosion resistance, and good strength. The de-
mand for titanium alloys is increasing due to their compatibility with CFRP
(Carbon Fiber Reinforced Polymer) regarding coefficient of thermal expansion
[44]. The International Titanium Association (ITA) reported in 2012 that tita-
nium demand would continue to grow. In 1985, Sumitomo Metal and Nippon
Steel began commercial production of titanium alloys after obtaining qualifica-
tions from Rolls-Royce and other major domestic manufacturers, using these
alloys for aircraft engines. The company also began supplying pure titanium
to Airbus for airframe applications in 2002 [44]. The microstructure of the
commonly used Ti6Al4V alloy is shown in Fig. 1 [Figure 1: see original paper].

Titanium can be machined economically depending on the material’s physical
parameters [46]. Since various titanium alloy grades exhibit different machining
characteristics, appropriate tooling and conditions must be selected. Better
machinability and tool life can be ensured by following these recommendations
[47]: - Using a rigid setup between workpiece and tool - Maintaining sharp tools
to reduce galling and heat buildup - Applying ample cutting fluid for maximum
heat removal - Regularly removing chips from the machine

Different titanium alloy grades, their chemical compositions, and properties are
listed in Table 1 [48]. Titanium alloys are employed in numerous aircraft applica-
tions including airframes (for weight reduction), engines (fans and compressors),
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and other components as shown in Table 1 [44]. During flight, external temper-
atures can reach -60 °C or lower; fortunately, titanium exhibits good resistance
to such low temperatures. Moreover, due to their high strength, titanium alloys
are used to manufacture many critical aircraft engine and structural components
[49]. These alloys also demonstrate high corrosion resistance, fatigue resistance,
and wear resistance.

Experimental and theoretical studies on titanium alloy wear behavior continue
because aircraft engine and structural components, as well as aerospace and mil-
itary parts, are typically produced through casting or machining. The rationale
for using titanium alloys in aircraft applications is summarized in Table 1 [44].
Titanium is also deployed in scaffolds and biomedical implants as shown in Fig.
2 [Figure 2: see original paper].

3 Wear Behavior of Titanium and Its Alloys
Wear behavior describes the surface interaction that leads to material removal
and deformation during sliding [60]. This parameter is also defined as dimen-
sional loss due to plastic deformation. Wear can result from erosion, corrosion,
chemical processes, or combinations thereof [61]. Various wear types include:
abrasive wear (material loss from hard surface sliding causing scratches or cor-
rugations), adhesive wear (debris welded to the material surface), surface fatigue
(surface weakening from cyclic loading), erosive wear (caused by sharp particle
interaction), and fretting wear (small surface shifts under load) [20]. Standard
experimental methods are approved for evaluating wear behavior of different
metals, with examinations performed at specific intervals and defined condi-
tions. The wear coefficient correlates and measures material wear [21]. Testing
can be conducted using disc-on-disc, ball-on-disc, ring-on-disc, and pin-on-disc
devices. The pin-on-disc apparatus, where a pin contacts a rotating disc (Fig. 3
[Figure 3: see original paper]), applies force to the pin while measuring friction
via strain-gauge sensors. The wear coefficient for both pin and disc is calcu-
lated based on material loss during testing. Pin-on-disc tests are important for
estimating surface COF, wear resistance, adhesion, and lubricity parameters
[22].

Ti and its alloys are known for poor wear properties. Ti surfaces easily gall
when in contact with other metals under sliding, fretting, or contact conditions
[62].

3.1 Wear of Titanium and Its Alloys Versus Metallic Counter Bodies

3.1.1 Dry Sliding Conditions This section focuses on the wear behavior of
Ti–6Al–4V alloy against different metallic counterfaces at ambient temperature
under dry sliding conditions. To understand tribological parameters, Molinari
et al. [64] performed dry sliding wear tests on Ti–6Al–4V using the disc-on-disc
method at constant humidity and ambient temperature. Specimens measured 40
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mm in diameter and 10 mm thickness. Tests were conducted at sliding velocities
of 0.3–0.8 m/s for a sliding distance of 1770 m, with both specimens made of
Ti–6Al–4V alloy. They observed that increasing applied load led to higher wear
volume as shown in Fig. 4 [Figure 4: see original paper]. Wear volume variation
showed no significant changes with different sliding speeds, though a minimum
wear rate occurred at intermediate sliding speeds. The findings indicated limited
plastic deformation even at low loads and poor surface oxide protection. The
authors emphasized that improving surface mechanical properties is important
to prevent plastic deformation and delay thermal softening, as these parameters
cause mechanical instability and promote delamination. The overall research
focus was understanding the wear transition from delamination to oxidative
wear [64].

Hager et al. [65] examined Ti–6Al–4V disc against a Ti–6Al–4V pin counter
body to study fretting wear behavior at ambient temperature and 450 °C. At
30 Hz oscillation frequency, four tests were performed with stroke lengths of 45–
230 m. A 200 N normal load was applied, decreasing by 10 N every 3 minutes
until reaching zero. Frictional hysteresis was measured using a piezoelectric
transducer and laser technique. Ambient temperature fretting tests revealed
slip fretting at higher loads [65].

Titanium-steel pairs are commonly used in tribological applications, with nu-
merous studies examining this relationship. Straffelini et al. [66] investigated
the tribological interaction between Ti–6Al–4V and AISI M2 steel. Wear test
discs were 40 mm thick with 0.3 µm surface roughness. Sliding experiments
used a disc-on-disc configuration under loads of 50, 100, and 200 N at sliding
speeds of 0.3–0.8 m/s. Steady-state conditions were achieved at 1770 m sliding
distance with the counter disc fixed. Counterface discs were either Ti–6Al–4V
alloy or quenched and tempered AISI M2 tool steel. Results showed minimum
wear rate at 0.6 m/s with Ti–6Al–4V counter disc, while wear rate decreased
with increasing speed for steel counter discs. Wear rates increased significantly
with applied load, though the increase was modest. Friction coefficients ranged
from 0.3 to 0.4, with peak values (0.35–0.4) at minimum sliding speed. SEM
images of debris formation are presented in Fig. 5 [Figure 5: see original paper]
[66].

Alam and Haseeb [67] studied tribological characteristics of Ti–24Al–11Nb and
Ti–6Al–4V against hardened steel under dry sliding conditions. Wear tests were
performed using a pin-on-disc apparatus at room temperature with loads of 15–
45 N. Specimens were cleaned with acetone and dried before each test. The wear
rate of Ti–6Al–4V increased rapidly before reaching steady state, with higher
loads causing increased wear rates. Ti–24Al–11Nb showed significantly lower
wear rate—approximately 48 times lower than Ti–6Al–4V. The wear scar on Ti–
24Al–11Nb is shown in Fig. 6a [Figure 6: see original paper], with wear debris
for both alloys presented in Figs. 6b and 6c [67].

Wear behavior is influenced by operating parameters including sliding distance,
velocity, and normal stress. Qiu et al. [68] investigated wear characteristics
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of Ti–6Al–4V alloy under dry sliding at high speeds of 30–70 m/s. Pin-on-
disc tribometer tests used Ti–6Al–4V pins against GCr15 steel discs at con-
tact pressures of 0.33, 0.67, 1, and 1.33 MPa for 100 s duration. COF was
recorded throughout testing, and friction-induced thermal effects were studied
using thermocouples positioned 3, 6, and 9 mm from the pin center. The authors
noted that COF decreased with increasing sliding speed at 1 and 1.33 MPa con-
tact pressure. With temperature increase, Ti–6Al–4V COF initially rose then
dropped rapidly, while wear rate slowly increased to a constant value before
rising sharply. Tribological properties were affected by mechanical-thermal pa-
rameters: as sliding speed increased, the metallic Ti fraction decreased while
oxide proportion increased on damaged surfaces [68].

Cui et al. [69] studied wear properties of Ti–6Al–4V at temperatures from 20
to 400 °C under dry sliding using a pin-on-disc tester with GCr15 steel counter
body. Tests were performed in ambient air at loads of 50, 100, 150, 200, and
250 N, sliding distance of 1.2 × 103 m, and sliding speed of 1 m/s. At 20 °C,
wear loss increased linearly with load. At 200 °C, wear loss increased linearly
across 50–150 N load range. At 400 °C with 50–100 N load, wear loss decreased
abruptly, marginally increased from 100–200 N, then rose rapidly above 200 N
[69].

Fellah et al. [70] investigated tribological properties of Ti–6Al–4V against 100Cr6
steel balls for hip prosthesis applications using ball-on-disc and pin-on-disc tests.
Rotational speed and applied load were varied in ambient air conditions. The
authors found that periodic formation and fracture of transfer layers caused
large friction fluctuations, with higher COF at elevated sliding velocities.

Jayachandran et al. [71] studied dry sliding wear performance of Ti–6Al–4V
pins against SS316L stainless steel discs at constant contact pressure. High-
temperature sliding tests were conducted at speeds of 0.01–1.5 m/s. Wear rates
decreased marginally with sliding velocity up to 0.5 m/s, after which beneficial
effects diminished.

Liu et al. [72] performed wear tests using a pin-on-disc apparatus with Ti–6Al–
4V pins and GCr15 steel discs. Ti–6Al–4V specimens were heated to 760 °C for
60 minutes then cooled to 35 HRC hardness, while steel specimens were water-
quenched at 840 °C and tempered at 150 °C to 62 HRC. The 9 mm diameter,
20 mm long pin slid against a 70 mm diameter, 10 mm thick disc. Both surfaces
were ground to roughness values of 0.42 µm (pin) and 3.20 µm (disc). Tests were
conducted at 30 N normal load, 0.2–1.2 m/s sliding speed, and 1000 m sliding
distance. COF ranged from 0.33–0.56 at low temperature and 0.68–0.84 at
ambient temperature. Ti–6Al–4V wear rate increased with sliding speed at both
temperatures, showing approximately linear variation at ambient temperature.
Surface morphology parameters were affected, with damage observed on surfaces
at low temperature.

Conradi et al. [73] explored the tribological response of laser-textured Ti–6Al–4V
under dry and lubricated conditions using Hank’s solution. Titanium alloy grade
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5 in aged-and-solution condition was used. Alloy sheets (1.55 mm thick) were
cut into 25 mm diameter discs, hand-ground with 600-grit paper to 0.185 µm
surface roughness. Laser texturing was performed using an LPKF nanosecond
laser at 100 mm/s for dimples and 300 mm/s for lines. Ball-on-flat tribological
tests were conducted under reciprocating sliding at 5 N load, 1 GPa contact
pressure, 5 mm/s sliding velocity, and 1000 m sliding distance in both dry and
fully flooded lubricated conditions. Surface morphological behavior of Ti grade
5 improved, with dimples showing lowest COF under dry conditions, while wear
resistance showed promising results for both conditions.

Mao et al. [74] conducted dry sliding wear experiments on Ti–6Al–4V using a
pin-on-disc method at 50–250 N normal load and temperatures of 25–500 °C.
The authors investigated worn surface and subsurface composition and morphol-
ogy of tribo-layers. Ti grade 5 alloy pins (Fig. 7 [Figure 7: see original paper])
slid against GCr15 steel discs. Wear rate increased linearly with load at 25–
200 °C. At 400–500 °C with 50–100 N load, wear rate reached minimum values,
marginally increased at 100–200 N, then rose rapidly above 200 N. Delamina-
tion, adhesion, and abrasive wear occurred at 25–200 °C, while oxidative wear
dominated at 400–500 °C.

Jozwik [75] investigated tribological performance of Ti grade 5 alloy at room and
elevated temperatures (150 °C) using a ball-on-disc tribometer with Ti–6Al–4V
discs and aluminum oxide (Al2O3) balls. At 5 N normal load, 0.3 m/s speed, and
400 m sliding distance, volumetric wear was average at room temperature but
increased at elevated temperature. The wear rate was 0.52 at room temperature,
decreasing to 0.49 at elevated temperature.

Wang et al. [76] examined wear behavior of two Ti alloys (Ti–6Al–4V, TC11)
against AISI 52100 steel at 25–600 °C. Tests were performed at 50–250 N normal
load using a pin-on-disc apparatus at 1 m/s sliding speed and 1.2 × 103 m sliding
distance under dry sliding. Both alloys exhibited severe-to-mild wear transition
at critical temperatures of 400 °C (TC4) and 300 °C (TC11), showing better
wear performance above these temperatures.

Feng et al. [77] investigated quenching effects on Ti–6Al–4V wear properties
using water, oil, or liquid nitrogen quenching media. Pin-on-plate wear tests
were conducted with a diamond tip at 5 N normal load and 50 rev/min sliding
speed under dry conditions. Surface hardness increased from 400 to 800 VHN
with quenching, though this did not improve wear resistance.

Other studies examined lubricated conditions against various materials. Yang
et al. [78] studied tribological performance of titanium alloys against tungsten
carbide under oil and aqueous lubrication using a ball-on-disc apparatus with
tungsten carbide balls and TC4 titanium alloy discs. Oil lubrication reduced
friction, while SEE aqueous lubrication showed good anti-wear behavior by sig-
nificantly decreasing abrasive and adhesive wear.

Luo et al. [79] investigated bio-lubricant effects on Ti–6Al–4V tribological perfor-
mance. Grade 5 Ti alloy squares (5 mm thick) were tested against 4 mm silicon
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nitride (Si3N4) balls using a ball-on-flat apparatus under dry and three lubri-
cant conditions at 9.8 N load, 4 mm/s sliding velocity, and 6 mm sliding length.
COF fluctuated heavily and wear rate was high under dry conditions. Lubrica-
tion with physiological saline, bovine serum, and deionized water reduced both
wear rate and COF, with bovine serum providing the best results.

Alagic et al. [80] compared tribological performance of orthopedic implant mate-
rials Ti–13Nb–13Zr and Ti–6Al–4V grade 5 alloy using a block-on-disc apparatus
at 20–60 N load and 0.26–1 m/s sliding velocity. Ti–6Al–4V showed better wear
resistance compared to Ti–13Nb–13Zr.

3.2 Wear of Titanium and Its Alloys Against Carbide

Carbide tools are used for material removal during machining, with coatings
improving physical properties. Worn carbide tool examples are shown in Fig. 8
[Figure 8: see original paper]. Dry machining produces parallel abrasion lines
along cutting insert noses due to lack of lubrication. Under MQL conditions
at specific cutting speeds, tool wear is less severe with no built-up edge or tool
fracture, as a lubricating layer forms between insert and workpiece [81].

Liang et al. [82] conducted physicochemical analysis of WC-6Co cemented car-
bide against Ti–6Al–4V using pin-on-disc at high temperature. Uncoated car-
bide pins slid against Ti–6Al–4V discs (43 mm diameter) at 4 mm pin diameter.
Temperature was controlled at 20, 320, 620, and 920 °C with 100 N hydraulic
load. Lower COF and more stable behavior occurred at high temperature (920
°C), with COF decreasing from 0.56 at 20 °C to 0.36 at 920 °C (Fig. 9 [Figure
9: see original paper]). Tribological track depth increased eightfold from 27 µm
at 20 °C to 253 µm at 920 °C, softening the Ti–6Al–4V alloy and significantly
reducing wear resistance.

Yang et al. [83] examined wear and friction performance of Ti alloy against tung-
sten carbide lubricated with phosphate ester. Ti–6Al–4V and WC–Co materials
were tested using a ball-on-disc apparatus under various lubricating environ-
ments. The disc was hardened Ti–6Al–4V (35 HRC) and the ball was 10 mm
tungsten carbide. Specimens were cleaned with ethanol and acetone before test-
ing. The 100 N applied load produced COF results dependent on lubricant type.
With deionized water, COF increased from 0.3 to 0.45 with sliding time, failing
to effectively lubricate the tungsten carbide/Ti–6Al–4V pair. Triethanolamine
borate, considered a good lubricant and anti-wear additive, produced high COF
(~0.4) similar to water. Emulsion provided better lubrication, maintaining sta-
ble COF of 0.18. Adding 1 wt% phosphate ester (PPE) lubricant was optimal—
COF initially unstable but rapidly decreasing to 0.14 and remaining stable (Fig.
10 [Figure 10: see original paper]). The authors concluded PPE provides effec-
tive lubrication for Ti–6Al–4V/tungsten carbide tribo-pairs. Figure 11 [Figure
11: see original paper] shows 3D wear track images with various lubricants.

Egana et al. [84] studied heat partition and friction coefficients during machining
of Ti–6Al–4V against cemented carbide. Cylindrical Ti–6Al–4V bars were tested
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against polished cemented carbide pins. Each friction test lasted 10 s at sliding
velocities of 10–100 m/min and contact pressures of 750, 1300, and 1500 MPa
under 100, 600, and 1000 N loads, mostly in dry conditions with some emulsion-
lubricated tests. COF decreased with increasing sliding speed. Ti adhesion on
carbide pins became denser at higher contact pressure or sliding speed (>0.75
GPa or 60 m/min), with shearing occurring between bulk material and adhesive
layer. This effective adhesion is the primary cause of rapid tool wear beyond 60
m/min sliding speed. The heat partition coefficient decreased from 50% to 30%
as sliding speed increased from 10 to 100 m/min.

Courbon et al. [85] examined tribological characteristics of Ti–6Al–4V and In-
conel 718 against carbide tools under cryogenic and dry machining conditions.
Cylindrical bars of Inconel 718 (hot rolled, aged, solution treated) and Ti–6Al–
4V (annealed, quenched) were tested against spherical cemented carbide pins
(10% Co, 90% WC). TiN-coated pins (4 µm) were used for Inconel 718 tests,
while uncoated pins were used for Ti–6Al–4V. Each 10 s friction test used 1000 N
normal load at 10–100 m/min cutting speeds under dry, cryo gas, and cryo liquid
conditions. Ti–6Al–4V COF slightly decreased with sliding speed, while cryo-
genic fluid addition (gas or liquid nitrogen) had minimal effect (COF remained
0.2–0.3). Liquid nitrogen’s high cooling potential reduced heat transmission.

Patil [87] investigated tribological performance of solid WC–Co carbide under
dry sliding using cemented carbide pins, Ti–6Al–4V discs, and molybdenum
disulfide powder or SAE-40 oil lubricants. Molybdenum disulfide was used for
damage protection and friction/wear reduction. Pin-on-disc tests were con-
ducted under three conditions: dry, solid lubricant, and oil lubricant (Table
2 ). The author examined COF, wear behavior, and maximum temperature
versus sliding velocity. Solid lubrication produced better COF and tool wear
results compared to other environments, with both disc (Ti–6Al–4V) and pin
(WC-Co) performing optimally. Temperature remained nearly linear and stable
with solid lubricant, increased slightly with oil lubricant, and rose rapidly under
dry sliding.

Jadhav et al. [88] studied wear performance of coated carbide tools using electro-
static spray coating (ESC) of YSZ nanoparticles on tungsten carbide substrates.
The coating served as thermal partition for high-temperature applications. Ti–
6Al–4V alloy was tested in two configurations: (1) Ti–6Al–4V disc against un-
coated tungsten carbide pin, and (2) Ti–6Al–4V disc against YSZ-coated tung-
sten carbide pin. Dry sliding pin-on-disc tests were conducted at 500 rpm with
20 N fixed load and sliding speeds of 0.75, 1.25, 1.75, 2.25, and 2.75 m/s for 30
minutes. Coated pins showed better performance parameters, while uncoated
pins exhibited worn surfaces with degradation, deep grooves, and wear debris in
the sliding direction. YSZ coating provided tungsten carbide with good thermal
shock durability.

Niu et al. [89] examined wear and friction characteristics of TC4, TC18, and
TA19 titanium alloys against tungsten carbide under water lubrication and dry
sliding. Reciprocating sliding tests were performed at 112 m/s sliding velocity,
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3 N load, and 20 minute duration with water lubrication (26 °C, 30% humidity)
and dry conditions. Under dry sliding, COF increased from 0.24 to 0.32 for
TC4, 0.28 to 0.40 for TC18, and reached 0.34 for TA19 within 2 minutes. Water
lubrication reduced COF and wear size for TC4 and TA19 but did not affect
TC18 COF.

Qu et al. [90] explored sliding wear and friction of Ti alloys against polymer, ce-
ramic, and metal counterfaces. Ti–6Al–4V and Ti–6Al–2Sn–4Zr–2Mo (Ti6242)
alloys (Fig. 12 [Figure 12: see original paper]) were tested via pin-on-disc against
stainless steel (metal), silicon nitride and alumina (ceramics), and PTFE (poly-
mer). Ti discs were 63.5 mm diameter and 12.7 mm thick. Tests were performed
at 10 N normal load and 500 m sliding distance in ambient air (52–62% humidity,
18–22 °C). Both Ti alloys showed similar wear and friction performance regard-
less of composition. Friction fluctuations were large for ceramic and metal balls
sliding on titanium discs, with higher COF and considerable fluctuation at lower
sliding velocities.

Xuedong et al. [91] investigated tribo-chemical behavior of titanium/tungsten
carbide pairs under aqueous lubrication. High-speed block-ring tests were con-
ducted at 100 N normal load, 1.28 m/s rotational velocity, and 300 s duration.
Boron-containing additives showed the best anti-wear behavior.

Çalışkan and Küçükköse investigated aCN/TiAlN coating effects on chip mor-
phology, surface finish, and tool wear in face milling of Ti grade 5 alloy. AISI D2
steel discs (3 mm thick, 25 mm diameter) and carbide milling specimens were
used. aCN/TiAlN coating was applied via magnetron sputtering. Pin-on-disc
wear tests were performed at 10 cm/s sliding velocity and 5 N load at 25 °C. The
aCN/TiAlN coating showed 19% higher adhesion than AISI D2 steel in scratch
tests, with aCN coating exhibiting 95% lower wear rate and 76% lower COF
against alumina balls. The aCN/TiAlN coating also produced higher resultant
cutting forces than commercial tools.

Cadena et al. [92] examined PVD (AlCrN) coating effects on tool deterioration
when machining Ti alloys. Pin-on-disc tests showed the coating exhibited low
wear rate and COF compared to previous studies [93].

Medina et al. [94] evaluated tribological behavior of grade 5 Ti alloy against
various coated CW pins. Ti–6Al–4V alloy sheets were tested against three
insert types (H13A, 1105, 4025) coated with (Ti, Al)N2 and TiN. Pin-on-disc
tests were performed under dry and lubricated conditions using molybdenum
disulfide solid lubricant and SAE 5W-30 oil at 0.55 m/s sliding velocity and 50
N load. Oil lubrication increased COF but created a protective debris-oil layer.
Lower COF values were obtained in dry or solid lubrication conditions.

El-Tayeb et al. [95] examined cryogenic performance effects on Ti alloys. Ti–
5Al–4V–0.6Mo–0.4Fe (Ti54) and Ti–6Al–4V specimens (Fig. 13 [Figure 13: see
original paper]) were tested as pins against tungsten carbide plates using a pin-
on-ring device under dry and cryogenic (liquid nitrogen) conditions at various
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loads, speeds, and durations. Ti54 COF decreased under all conditions, while
Ti–6Al–4V COF increased at high loads and sliding times.

A summary of previous studies is provided in Table 3 .

4 Overview on Surface Modifications and Tribological Be-
havior Improvement Methods for Titanium and Its Alloys
4.1 Different Methods to Improve Surface and Tribological Charac-
teristics

Surface characteristics of materials often require modification for adhesion, bio-
compatibility, wettability, etc. Various treatment methods have been imple-
mented to improve tribological behavior, surface morphology, and material
structure. Revankar et al. proposed ball burnishing to enhance Ti–6Al–4V
wear resistance. Ti–6Al–4V bars (12 mm diameter) were processed using an
Ace turn-mill CNC Fanuc lathe for burnishing and turning tests under SAE-40
oil lubrication. The ball burnishing approach showed promise as an effective
surface treatment, increasing surface microhardness from 340 to 405 HV and
reducing surface roughness from 0.45 to 0.12 µm. COF decreased as burnishing
force increased.

Quan et al. [101] developed an effective lubricant consisting of polyethylene
glycol (PEG) and Zn nanoparticles. Ball-on-disc wear tests were performed at
100 N load for 60 minutes at 25 °C and 20–30% humidity. Ti–6Al–4V discs
were polished and abraded for smoother surfaces. Zn nanoparticles in PEG
produced low COF, with stable oxide films preventing direct contact between
friction pairs and providing better boundary lubrication.

Ion implantation is an economical, viable method for enhancing surface morpho-
logical and tribological performance. Carbon or nitrogen ions accelerate and em-
bed into the material surface (not a coating but implantation into the substrate
matrix) at depths of 0.1–0.3 µm over 2–10 hours. Allen et al. [102] examined
ion-implanted ultra-high molecular polyethylene against grade 5 Ti alloy using
pin-on-disc tests at 5 MPa load and 0.25 m/s sliding speed in water-lubricated
and dry environments. Ti alloy oxidation improved mechanical properties and
surface hardness, while ion implantation provided superior surface performance
and wear resistance.

Yilbas et al. [103] inspected mechanical and tribological effects of plasma ni-
triding on Ti–6Al–4V. Nitrided and untreated Ti specimens were tested using
a pin-on-disc apparatus under ET025 oil lubrication at 35 rev/min, 1 N load,
and 25–30 mm/s sliding speed with AISI 52100 steel balls. Plasma nitriding
improved wear resistance.

Oñate et al. [104] examined ion implantation effects on tribological performance
of various alloys including Ti–6Al–4V, finding reduced frictional coefficient. Itoh
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et al. [105] studied nitrogen ion implantation effects on Ti–6Al–4V tribological
features. Disc specimens (3 mm thick) were implanted with nitrogen ions and
tested against ASTM 52100 steel balls at 460 N load, 0.04 m/s sliding speed,
and 1 hour duration under SAE 7.5W-30 oil lubrication. Nitrogen-implanted
Ti–6Al–4V showed lower COF and reduced volumetric wear rate for both steel
balls and titanium discs.

Azghandi et al. [106] studied friction stir processing effects on pure Ti alloy
surface improvement. Ti grade 2 shoulder tools and tungsten carbide pins were
used. Increased friction stir processing reduced wear and debris, decreasing wear
rate and transforming wear mechanism from adhesive to abrasive.

Guleryuz et al. [107] evaluated thermal oxidation effects on grade 5 titanium
alloy wear performance under dry sliding. Surface hardness increased from 450
to 1300 HV after 60 hours oxidation at 600 °C, significantly improving wear
resistance. Wear tracks for untreated and oxidized alloys are shown in Fig. 14
[Figure 14: see original paper].

4.2 Surface Texturing to Improve Surface and Tribological Charac-
teristics

Surface texturing creates micro-structures (e.g., lubricant reservoirs) on mate-
rial surfaces to enhance tribological and friction behavior while reducing wear.
Pratap and Patra [108] found that mechanical surface modification improved
Ti–6Al–4V wettability and tribological behavior [109]. Their study used three
mechanical micro-tools (micro drill, micro flat end mill, micro ball end mill) to
produce micro-dimples. The micromachining process effectively created micro-
dimpled surfaces with various end geometries. Ti–6Al–4V wettability improve-
ment resulted from the roughness factor created by surface texture. Micro
drill textured surfaces (MDTS) and micro ball-end textured surfaces (MBETS)
showed enhanced wettability compared to other surfaces, making them suitable
for biomedical implants. MBETS exhibited the lowest COF due to improved
wettability, increased surface hardness, and ability to trap wear debris within
micro-dimples.

Ghosh et al. [110] found that surface texturing did not provide significant wear
resistance under high loads. Kang et al. [111] examined combined surface tex-
turing and nitriding effects on Ti alloy tribological performance. Ti–6Al–4V
samples were nitrided at 750–950 °C for 10 hours in a plasma nitriding furnace.
Ball-on-disc tests showed improved wear resistance, with wear rate decreasing
then increasing with nitriding temperature, reaching minimum at 900 °C. COF
increased due to roughness. The combination of surface texturing and nitriding
reduced wear rate and COF at high nitriding temperatures.

Singh et al. [112] investigated textured tool wear effects when cutting Ti–6Al–
4V under graphene-assisted lubrication. Better wear resistance performance was
observed under lubrication as shown in Fig. 15 [Figure 15: see original paper].
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4.3 Surface Coatings to Improve Surface and Tribological Character-
istics

Various coating procedures improve surface characteristics and reduce wear
rates and friction, including plasma nitriding, metal nitriding, sputtering, laser
cladding, laser treatments, and laser gas alloying. These techniques enhance
both physical and mechanical surface properties, with proper coating selection
being critical.

Hsu and Li [113] reported that hydrothermal treatment improved Ti–6Al–4V
tribological performance. Ti–6Al–4V surfaces were treated in urea solution with
or without subsequent heat treatment. Increasing urea concentration decreased
hydrophilicity, increased hardness, and reduced surface roughness. The T0.5
sample showed the lowest contact angle (Fig. 16 [Figure 16: see original paper]),
with contact angle increasing with urea solution content.

Datta et al. [114] applied TiN coatings to Ti–6Al–4V using cathodic arc deposi-
tion. Coating hardness (33.41 ± 10 GPa) was approximately seven times higher
than uncoated Ti–6Al–4V, with wear rate decreasing about fourfold compared
to the uncoated alloy.

Danisman et al. [115] examined TiAlN, TiCN, and TiN coating effects on Ti–
6Al–4V wear resistance. Tests were performed at various loads and sliding
speeds at room temperature under dry sliding. TiCN coating provided the
lowest surface roughness, followed by TiN coating, uncoated Ti–6Al–4V, TiAlN,
and TiCN. TiN coating provided better wear rate and friction results compared
to uncoated and other coated conditions.

Shao et al. [116] evaluated surface coating effects on Ti–6Al–4V wear perfor-
mance. Alumina-reinforced aluminum was cold-sprayed onto the alloy, then
processed with plasma electrolytic oxidation (PEO). The combined PEO and
cold-sprayed coating exhibited the finest wear resistance compared to untreated
Ti–6Al–4V, demonstrating that this combination is a promising method for im-
proving Ti alloy wear performance.

Roy et al. [117] investigated Hank’s solution effects on Cr3C2-NiCr coated Ti
grade 5 alloy wear performance. The coated specimen showed improved wear
resistance and hardness compared to the substrate. Surface texturing methods
effectively reduced COF for various biomedical implants and applications (Table
4 ).

5 Conclusions
• Titanium offers many desirable characteristics including light weight, high

strength, and good corrosion resistance. Titanium alloys provide higher
strength than light metal alloys, steels, and nickel alloys based on specific
yield strength-to-density ratios.
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• This metal is divided into several types and grades with various chemical
compositions and mechanical properties. The widespread use of titanium
alloys, especially grade 5, in biomedical, automotive, and aerospace ap-
plications makes them important materials for lightweight applications,
despite machining difficulties.

• Understanding titanium’s tribological behavior and improving wear and
friction coefficient performance is essential.

• Titanium alloys exhibit strong adhesion, severe adhesive wear, and high,
unstable friction when sliding against most engineering materials due to
their crystal and electronic structure, poor lubrication, and low thermal
conductivity.

• Besides poor abrasion resistance, titanium alloys have low hardness that
cannot be significantly improved by heat treatment. Their high adhe-
sion tendency makes them prone to fretting damage when combined with
stainless steels, with fretting wear damage serving as fracture initiation
sites.

• This review summarizes various studies on tribological characteristics of
titanium alloys, particularly Ti–6Al–4V, under dry and lubricated slid-
ing against different counterface materials in diverse environmental condi-
tions.

• The review covers counter body types, input parameters, tribological per-
formance, test methods, environmental conditions, lubricants, titanium
alloy behavior, and surface modification techniques for tribological and
morphological improvement.

• Future work should explore different materials and tribological character-
istics, including environmentally friendly lubricants and greases to address
tribological issues.
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