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Abstract. Since its first introduction in the 1950s, Ti6Al4V became the most favorable titanium
alloy due to its attractive mechanical and physicochemical properties and is currently extensively
used e.g. in biomedical industry. However, its poor tribological properties limit its use in orthope-
dic applications. Hence, a variety of attempts have been made in order to improve tribological
performance of titanium alloys, especially focusing on surface modification. This paper repre-
sents an overview of surface modification techniques applied on Ti6Al4V alloy during the last 15
years. The effects of oxidizing, deposition of carbon-based amorphous coatings, nitrogen-based
layers and other surface modification techniques have been reviewed. According to the provided
information, the durability, efficiency and reliability of popular anti-wear coatings strongly de-
pends not only on the type of surface modification, research methods or experiment setup, but
also on the experiment conditions, such as sliding velocity or applied load. Due to that, it is
recommended to develop unified standards for wear tests of biomedical alloys used in orthope-
dic-related applications, e.g. arthroplasty.

1. INTRODUCTION

Modern engineering materials, such as metallic al-
loys, ceramics, composites, and plastics are often
subjected to harsh working conditions during their
operation, what results in wear, corrosion develop-
ment and fatigue. Active work on removing or mini-
mizing materials’ failures is n]wadays necessary
due to existing raw materials and energy shortage.
Among all engineering materials, titanium and its
alloys are considered attractive materials in numer-
ous branches of industry, due to their excellent prop-
erties such as high strength-to-weight ratio, low elas-
tic modulus, anti-magnetic properties, high
biocompatibility and acceptable corrosion resistance
[1-10]. Hence, since its first introduction in the early
1950s [11,12], Ti6Al4V has become the most favor-
able titanium alloy. Ti6Al4V alloy covers about 50%

of total titanium world production [11] and today is
extensively used in automotive, aerospace, chemi-
cal, marine and biomedical industries [5,11,12].
H]wever, the main all]y’s drawback - arising fr]m
inherent nature of Ti - poor tribological properties,
such as: high and unstable coefficient of friction
(COF) [4], low abrasive and adhesive wear resis-
tance [4,13], low hardness [5,14], strong tendency
to galling [15], low load-carrying capacity [7,15] sig-
nificantly limit its use in wear-related engineering
applications. Insufficient tribological properties are
considered as key disadvantage when using Ti6Al4V
also as an implant material. According to the primum
non noncere primary ethical medical standard,
patient’s health and safety are a pri]rity in the treat-
ment process. References give examples of com-
plications resulting from poor wear resistance of
Ti6Al4V alloy, e.g. damage done to human tissues
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due to toxicity of aluminum and vanadium [1], cou-
pling between metallic implants [3] and their asep-
tic loosening [6,10], inflammation of surrounding tis-
sues [7,10], and, as a result, ostheolysis [6-7,10].

However, wear of metallic implants is connected
n]t ]nly with patient’s pain, but als] with c]nse-
quent loss of accuracy and implant failure [7,16].
Therefore, prosthesis failure avoidance is one of the
main goals of these materials, and one of the recur-
rent approaches is minimizing wear on the
bi]material’s surface. This necessitates enhance-
ment of surface hardness as well as reduction of
friction coefficient between contacting surfaces.
Hence, a variety of attempts have been made in
order to improve tribological performance of titanium
alloys, especially focusing on surface modification.
For this purpose, many studies have been carried
out to modify the bearing surface of Ti6Al4V alloy,
such as nitriding [2,9], ion implantation [2,6,9,16-
17], thermal oxidation [6,9,17], laser surface treat-
ments [2,9,17], and others.

In this paper, an attempt to systematize and
summarize surface modification techniques applied
on Ti6Al4V alloy during the last 15 years and their
impact on its wear resistance has been made.

2. OXIDIZING

The excellent biocompability of titanium alloys is
widely associated with the naturally formed surface
oxide properties. Nonetheless, the few nanometers
thick [18-19], composed mainly of TiO

2
 [18] and

accompanied by some Ti
2
O

3
 and TiO [20], sponta-

neously formed in ambient air oxide layer is too thin
to effectively prevent the in vivo release [21] of cyto-
toxic vanadium and causing neurological disorders
aluminum ions [21-24] and can be easily damaged.
One of the methods to solve problems connected
with abrasion wear debris coinciding with Al and V
metal ions is to deposit thicker ceramic films, able
to increase wear and corrosion resistance of the
titanium alloy [21]. In recent years, oxidation pro-
cesses have attracted many scientists’ attenti]n
due to high solubility of oxygen in titanium. Nowa-
days, oxidation treatments are the most popular ti-
tanium alloy surface modification techniques, which
allow to produce a relatively thick coating for final
goods surface protection [25]. Processes such as
anodic oxidation (AO), thermal oxidation (TO),
plasma immersion ion implantation (PIII), plasma
electrolytic oxidation (PEO) and plasma oxidation
(PO) [26-27] have been used to improve tribological
properties of titanium alloys.

Anodic oxidation (AO) is a traditional surface
modification method, suitable for all valve-metals,

by which an oxide film grows in-situ on material
[27,28]. In the potentiostatic method, the oxide layer
is directly related to the anodizing voltage: the higher
the voltage, the thicker the film [28]. Its low produc-
tion cost [29] and ease of operation, as well as abil-
ity to improve wear, adhesion and corrosion [27,28],
make it an advantageous method for use in mass
production. The use of this surface modification tech-
nique results even in tenfold thickening of the film
[30]. The oxide film is reported to act as a solid
lubricant [27], but in some severe friction conditions,
anodized films are unable to meet the standards
desirable in friction of mechanical parts. Thin oxide
films are susceptible to fracture due to scratches,
fretting and l]ading – their bi]c]mpatibility deteri]-
rates when the material is plastically deformed [28].

Wear behavior of anodically oxidized Ti6Al4V
alloy was studied by Li et al. [27], who carried out
tribological tests with a ball-on-flat contact configu-
ration under dry conditions at a room temperature
(Table 1). It was stressed that wear of TiO

2
 films is

of abrasive form. The authors demonstrated that
when using surface modification by anodic oxida-
tion it is reasonable to introduce nanoparticles in
]rder t] impr]ve surface layer’s hardness and re-
sistance to wear. The authors suggested that intro-
ducing SiC nanoparticles significantly reduces ball
penetration, tear and wear debris volume, which re-
sults in even 5-fold reduction of wear.

Another way to introduce oxide to Ti6Al4V alloy
surface layer is to apply thermal oxidation. It is be-
lieved to be a simple and cost-effective method
based on a formation of a thick and hard oxide rutile-
based film on the surface [31,32]. According to
Wang et al. [31] rutile ceramic coatings are charac-
terized by higher bonding strength and relatively
higher thickness than naturally formed oxide lay-
ers. Thermal oxidation temperature and time are the
leading factors in the wear performance of oxidized
layer [31]. However, due to high temperatures and
prolonged duration of the process, debonding strati-
fication between oxide scales and interfence is ob-
served [32-34]. Some authors also claim that TO
processes are time-consuming and the thick oxy-
gen diffusion zone obtained in the technological pro-
cess is susceptible to deteriorate the mechanical
properties of the substrate [35].

Several attempts to determine tribological prop-
erties of thermal oxidized titanium alloys were made
by Wang et al. in their three recent works [6,31,32].
In one of the studies, the research couple was
UHMWPE ball (spherical pin) and TO Ti6Al4V [31].
It occurred that even without lubrication, COF of
oxidized alloy is relatively low (0.17) and highly
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stable. As the authors claim, the wear mechanism
during dry sliding may be attributed to the mixture
of mechanism of adhesion and abrasive wear. How-
ever, examples of spalling have also been provided.
Compared to the untreated specimen, a significant
decrease in friction and wear has been observed.
The authors proposed two explanations for such
behavi]r – first, they attributed decrease in wear t]
restriction of plastic and elastic deformation during
friction when applying thermal oxidation. Second,
they paid attention to oxygen deficiency of the rutile
phase that decreases the friction by causing a low
shear strength. Similar studies were made also in
distilled water and bovine serum [32]. According to
the authors, the best tribological performance was
observed during the tests with bovine serum. Wang
et al. [32] suggested that applying thermal oxida-
tion results in increase of oxidized layers wettability,
therefore enabling albumin absorption to the sur-
face and forming the mixed or boundary lubrication
film. According to Dong et al. [36] the wettability of
the specimens increases with increasing ionic char-
acter of the surface. The rutile oxide formed during
the TO treatment possesses much higher wettability
than titanium alloys [36]. Findings by Wang et al.
[32] were also confirmed in studies where ZrO

2
 balls

instead of UHMWPE pins were used [6].
The next worth mentioning oxidizing technique

is derived from conventional anodic oxidation [37]
plasma electrolytic oxidation (PEO), often also re-
ferred to as microarc oxidation (MAO). According
t] Ceschini et al. [38] it is “a n]vel surface m]difica-
tion technique based on the interaction between
ceramic, anatase-rutile film growing on the anodic
metal and spark arc microcharges initiated at the
potentials exceeding the dielectric breakdown volt-
age of the film in almost neutral aqueous electro-
lyte”. C]mpared with the traditi]nal an]dizing, its
main advantages are low process temperatures,
which do not exceed 100 °C [38], ability to obtain
thick oxidized films (1-100 m) [35,38], high pro-
ductivity and economic efficiency [35]. The technol-
ogy has also its drawbacks, along which especially
high porosity [38-40] and high friction coefficients
under unlubricated conditions are mentioned [35].
Thus, numerous investigations in obtaining anti-fric-
tional coatings on titanium alloys by plasma elec-
trolytic oxidation have been performed.

According to Ceschini et al. [38], PEO treated
Ti6Al4V displays significantly lower COF than TiAlN,
TiN and superlattice CrN/NbN modified one. In this
research, tribological behavior of MAO-treated ma-
terial has been investigated in dry sliding conditions
against ceramics during the flat-on-cylinder tests.

The authors stressed that PEO coatings have dis-
played superior tribological properties, even under
high applied loads (35 N). The researchers claim
that observed tribological behavior of MAO-modified
material is related t] the thickness ]f the layer –
according to the authors, the main wear mecha-
nism was micropolishing. Different results were ob-
tained by Mu et al. [9] and Wang et al. [35] in the
ball-on-disc dry sliding tests with AISI 52100 steel
as a counter material. In contrast with findings by
Ceschini et al. [38] that stated stability of COF of
PEO layers under dry sliding, Mu et al. [9] and Wang
et al. [35] have reported gradual increase of COFs
during sliding up to 0,8. These findings were con-
firmed also by Chen et al. in recently developed
impact-sliding tests [25]. What is more, Chen et al.
[25] and Fei et al. [41] suggest pre-polishing of the
substrate in order to obtain best tribological perfor-
mance of the layers. According to Ceschini et al.
[38], a typical value of COF for thick-coated alloys
before the removal of the coating and beginning of
severe wear damage varies in the range from 0.5 to
0.8. Nevertheless, Mu et al. [9] reported that the
main wear mechanism of TiO

2
 layer was abrasive

wear, caused by detachment and brittle fracture of
the TiO

2
 coating. In order to improve insufficient tri-

bological properties of oxidized layer obtained by
the MAO method, the authors [9] suggested addi-
tion of solid lubricant MoS

2
 particles to the struc-

ture. Introduction of TiO
2
/MoS

2
 composite layer re-

sulted in one order of magnitude reduction of wear
rate. Nevertheless, it ought to be stressed that ad-
dition of MoS

2
 particles is not suitable for biomedi-

cal applications.
Oxidizing is currently performed also by ion im-

plantation methods, considered as advanced treat-
ments to improve tribological properties of materi-
als for biomedical applications [42]. There are two
most commonly used ion implantation techniques:
traditional, beam-line ion implantation (BLII) and
plasma based ion implantation (PBII), known also
by the name of plasma immersion ion implantation
(PIII) [43]. Due to the fact that ion beam systems
are characterized by having a preferred direction
(line-of-sight process), they constitute as perfect
method to obtain surface modification in planar sub-
strate like wafers, but are useless for treatment of
three-dimensional objects because the substrate
would have to be constantly moved to achieve re-
quired uniformity of the layer [43]. In plasma immer-
sion ion implantation technique, the substrate is
immersed in the plasma and by biasing it, it be-
comes a part of an ion source [43]. Therefore, it
circumvents problems connected with line-of-sight
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requirements and is applicable on large and com-
plex-shaped components, and is considered as
potentially more economical [44,45].

According to Li et al. [46] there are several re-
ports on biocompatibility of oxygen-rich layers ob-
tained by PIII, but there has been lack of informa-
tion to study the effect of biasing the substrate on
titanium alloys tribological properties. In their tribo-
experiments, they used AISI 52100 steel balls as
counter-specimens. According to their findings, wear
resistance of oxygen-implanted specimens in-
creases with implanted voltage, reaching maximum
at v]ltage ]f -50 kV (0.39×10-6 mm3/Nm). Similar
studies were c]nducted by Feng et al. [47] – the
same pulse voltage, repeat frequency, implantation
time and experiment setup (ball-on-disc) have been
applied as in >i’s experiment. In general, studies
differed mainly in predefined conditions of wear stud-
ies (applied load, linear sliding speed). This resulted
in significantly different ]utc]me – in Feng’s study,
COF stabilized at ca. 0.7, but in >i’s – varied fr]m
0.3 to 0.4. What is more, Feng reported wear rate
of O

2
-PBII layers ]f 25×10-5 mm3%Nm, but in >i’s

research it am]unted ]nly t] 0.39×10-6 mm3/Nm.
This implies that selection of test method and ex-
periment conditions eminently determines results
of frictional studies.

The last oxidizing method we would like to men-
tion is triode plasma oxidation (TPO). This process
differs from conventional plasma oxidizing methods
through the use of tungsten hot filament as a third
electrode. The tungsten, negatively biased electrode,
mainly enhances the degree of plasma ionization
through electron impact ionization effect. The in-
creased number of oxygen ions then bombard the
surface of the substrate and form a dense layer of
good adhesion [26]. According to Banfield et al. [26]
the TPO-obtained layers exhibit no flaking or spalling.
Despite observed very high COF during the tribo-
logical tests, a small volume loss over large sliding
distances was observed.

For comparison purposes, results from the wear
resistance tests of oxidized Ti6Al4V alloy were pre-
sented in Table 1. As it can be seen, the authors
determine wear in the means of wear volume calcu-
lated from depth and width of scars (e.g. [32]) or
calculate wear coefficient, referred also to wear rate,
from equation

W V PL 3/ in mm /Nm [46 - 47],  (1)

where V is wear volume (mm3), P is perpendicular
force (N), and L is total sliding distance (m). Ac-
cording to the provided results, the lowest wear rate

in the means of wear volume were obtained by Wang
et al. [6,32] in studies where UHMWPE/TO Ti6Al4V
tribological couple was lubricated by 25 wt.% bo-
vine serum. Among tests conducted in ambient air,
the best tribological properties by the means of cal-
culated wear rate exhibits tribological pair consist-
ing of AISI 52100 ball and PBII-O

2
 Ti6Al4V. As one

may have observed, most of the presented tribo-
logical studies are conducted in ball-on-disc con-
figuration. Taking into account mentioned earlier
problems with comparing results, it would be rea-
sonable to perform comparative research, in which
the same friction materials tribological properties,
e.g. AISI 5200 steel/AO Ti6Al4V, would be tested in
different experiment setups, e.g. ball-on-disc, pin-
on-disc and ring-on-disc.

3. CARBON-BASED AMORPHOUS
LAYERS

In modern literature, several names are attributed
to describe amorphous carbon films. These include
a:C (amorphous carbon), containing less than 1%
hydrogen, a-C:H (amorphous hydrogenated carbon),
containing up to about 50 at.% or i:C (ion bombarded
carbon) [48,49]. Unlike diamond, which is a crystal
with pure sp3 bonding [49], DLC films contain sig-
nificant fractions of sp3 bonds, providing them at-
tractive mechanical and physical properties [48]. The
a-C films contain sp3 fractions greater than 85%,
while the a-C:H layers typically contain less than
50% of sp3 bonds [48]. The amorphous hydroge-
nated carbon (a-C:H) films are often referred to as
“D>C” in ]rder t] separate hydr]gen-c]ntaining lay-
ers from the non-hydrogenated carbon (a-C), com-
monly called as ta-C [48].

Generally, mechanical properties of the carbon-
based amorphous layers significantly differ from the
ones of pure titanium or titanium alloys [50,51].
Under high loads, hard carbon-based films are un-
able to follow the elastic and plastic deformation of
the titanium alloy substrate without fracture and
delamination [4,50-52]. What is more, carbon amor-
phous layers typically exhibit high residual com-
pressive stresses [51,53-58] which significantly limit
their thickness, adhesion and, in the long-run, con-
tribute to their tribological failure. Hence, some ways
to improve the load-bearing of amorphous carbon
layers/Ti6Al4V alloy by the means of enhancing the
all]y’s hardness have been pr]p]sed [50-
52,55,56,60].

Numerous studies were performed to determine
the tribological properties of carbon-based amor-
phous layers. To begin with a-C layers, an attempt
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to define their wear resistance was made by
Escuidero et al. [50]. In order to improve mechani-
cal properties of obtained layer, before depositing
carb]n tw] transiti]n layers – pure Ti and TiN%TiNC
were sputtered. What is more, some of the a-C lay-
ers were co-sputtered with Zr. According to the re-
sults, pure a-C films presented higher elasticity than
a-C:Zr films. As can be seen in Table 2, this trans-
lated to greater wear resistance of a-C layers. In
order to overcome problems connected with delami-
nation of a-C layers, Cai et al. [56] and Bai et al.
[54] deposited a-C/a-C:Ti nanomultilayers. In the
ball-on-disc studies performed by Cai et al. [56] the
superlattice, Ti-containing amorphous film of 40 nm
bilayer period was characterized by better wear re-
sistance and lower COF than pure a-C layer (Table
2 . What is m]re, applicati]n ]f Hank’s s]luti]n as
lubricant resulted in further improvement of tribologi-
cal properties of the superlattice layer. Similar stud-
ies were performed by Bai et al. [54]. According to
Table 2, a-C/a-C:Ti films with bilayer periods of 12
nm are characterized by the lowest wear rate dur-
ing dry sliding among a-C/a-C:Ti films. Cai et al.
[55] have also made an attempt to determine tribo-
logical properties of Ti-contained a-C gradient com-
posite films. Provided results (Table 2) show that a-
C:Ti composite is characterized by low COF and
low wear rate. According to the authors [55] low
friction coefficients of a-C films are related to the
sp3 to graphite-characteristic sp2 phase transforma-
tion, possibly induced by stresses produced by the
friction contacts.

DLC layers, due to their high inertness and ex-
cellent mechanical properties [52,60,61] are con-
sidered as attractive modern biomedical materials.
Leng et al. [61] reported that when fabricating dia-
mond-like-carbon by pulsed vacuum arc plasma
deposition their performance highly depends on ar-
g]n fl]w – the m]re arg]n, the l]wer the wear resis-
tance. Samples prepared with the highest argon
amount were characterized by immediate failure due
to spalling. In the research made by Jiang et al.
[60] the pin-on-disc setup was chosen for wear re-
sistance analyses. Similarly to the research per-
formed by Wang et al. [32] on thermal oxidized
Ti6Al4V, the use of bovine serum reduces wear rate
and friction coefficient of DLC layers. The same re-
lationship between use of bovine serum as lubri-
cant and reduction of friction coefficient and wear
was observed by Wang et al. [6]. What is impor-
tant, Jiang et al. [60] proved that not every lubricant
fulfills its anti-frictional role (Table 2). The authors
claim that under dry condition, debris was liable to
be absorbed by UHMWPE pins and because of that,

the release of wear products was prevented. Avelar-
Batista et al. [51] made an attempt to improve the
load support of DLC coatings on Ti6Al4V substrates
by using intermediate layers between the DLC top
coat and metallic substrate. According to the re-
sults presented in Table 2, the best wear resistance
was obtained by combining triode plasma nitriding
(TPN) with DLC film. The validity of sputtering inter-
mediate layers was also investigated by Yetim et
al. [4]. In their research, a diffusion nitrides layer of
100 µm beneath the c]mp]und ]f Ti-D>C%PN
(plasma nitrided) film improved the load-bearing ca-
pacities of the alloy and resulted in reduction of its
wear in one order of magnitude (Table 2). On the
contrary, Manhabosco et al. [52] reported failure of
DLC/nitrided layer after first 16 minutes of the fric-
tional test, which corresponded to a 0.02-0.03 km
lifetime in the ball-on-plate study. Another way to
improve tribological properties of DLC films is to in-
troduce metallic elements. In the study by Escuidero
et al. [50] Zr-doping of hydrogenated a-C film re-
sulted in increase of the layer hardness and reduc-
tion of friction coefficient and wear (Table 2).

In order to obtain a-C:H films not only physical
vapor deposition (PVD) and chemical vapor deposi-
tion (CVD) methods are used, but also electrodepo-
sition techniques [62], although layers obtained by
this process are not characterized by excellent fric-
tional properties (Table 2).

As seen in Table 2, the best anti-wear proper-
ties among all amorphous carbon layers under both
the dry and the lubricated conditions exhibit a-C/a-
C:Ti superlattice layers. Compared with oxidized
layers, COFs of amorphous carbon layers are simi-
lar, but wear rate significantly decreases. What is
important, in every research where the amorphous
carbon layers and untreated substrate were com-
pared, carbon films deposition resulted in signifi-
cant decrease in wear.

4. NITROGEN-BASED LAYERS

Tribological properties of Ti-based components are
often commercially improved by the means of intro-
duction of nitrogen to their surface [63]. In the case
of the Ti6Al4V alloy, the nitrogen-based layers are
formed by plasma nitriding (PN) [2,3,5,64,65], PVD
[63], PIII [45,47,66,67], and BLII [42] methods.

Plasma nitriding is a diffusional process, in which
a continuous hardness profile is obtained [3,68].
After the nitriding treatment of titanium alloys, the
hard, consisting of TiN and Ti

2
N layer forms on the

material surface [3,5]. The layer does not only sig-
nificantly improve the corrosion and wear resistance
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of the Ti6Al4V alloy [3], but also helps to reduce
the amount of Al and V concentrations on the im-
plant surface near zero [69]. Yildiz et al. [3] con-
ducted the study in which wear properties of plasma
nitrided in different conditions Ti6Al4V alloy were
determined. According to the authors, the friction
coefficient did not show an important change after
nitriding, but the wear resistance of the alloy in-
creased with the presence of TiN in the compound
layer. What is more, the wear rate decreased with
increase of the process temperature (Table 3). Com-
pared to the bare alloy, the wear resistance of ni-
trided samples improved. In the next study by Yildiz
et al. [2] the frictional properties of the nitrided layer
were compared with TiAlN and Al

2
O

3
 sputtered films.

According to the authors, the highest COF, higher
even of that of bare material, was obtained for ni-
trided sample. It was also noted that all surface
treatments improved the wear resistance of Ti6Al4V
alloy, but the lowest wear rate was achieved for alu-
mina coating. Yetim et al. [5] confirmed the anti-
wear properties of plasma nitrided Ti6Al4V, but the
best frictional properties were exhibited by
oxynitrided samples, obtained in a combination of
plasma nitriding and oxidizing. The greatest diffu-
sion zone depth of oxynitrided samples and forma-
tion of both oxides and nitrides improved load-bear-
ing capacity of the alloy and reduced the risk of
adhesion between the pin and the substrate [5].
Moreover, in the ball-on-plate wear tests performed
by Manhabosco et al. [65] it was stressed that, com-
pared to the bare material, plasma nitriding reduced
wear volume of the substrate approximately 900
times. The wear tracks of nitride samples showed a
narrow, smooth and shallow wear track with an ex-
pressive reduction of wear debris. No adhesive wear
mechanism was observed. Tang et al. [64] investi-
gated the effect of plasma nitriding by the cathode
assisting discharge nitriding (CAN) and conventional
DC plasma nitriding (CPN) methods. The results
indicated that the CAN layers are characterized by
greater wear resistance than the CPN film at high
loads (Table 3). The wear resistance measured in
volume loss of the CAN diffusion layers was about
2 orders of magnitude increased due to their high
load-bearing ability, higher TiN phase rate, greater
surface microhardness and nitrogen ion flux in the
depth of the substrate.

An attempt to obtain duplex coating Ti/TiN+WC-
Co by the means of PVD and high velocity oxygen
fuel (HVOF) was made by Bemporad et al. [63]
(Table 2). The authors pointed out that after wear
tests complete delamination of Ti/TiN layer was

observed, while no delamination occurred after in-
troduction of WC-Co interlayer. Compared with the
uncoated alloy, after introducing WC-Co to the sub-
strate its wear rate decreased two orders. However,
according to the recent studies, cobalt toxicity has
been reported in patients who became recipients of
cobalt-containing hip prostheses [70,71]. What is
more, according to Witten et al. [72] chronic expo-
sure to tungsten may result in severe health prob-
lems.

Nitriding is performed also by ion implantation
techniques [42,66,67]. Since its first introduction in
the 1980s [67], PIII has evolved to a mature surface
modification method that contributed to significant
achievements in the field of biomedical applications
[73,74]. Currently it is a popular method for obtain-
ing oxynitrided and duplex Ti-O/Ti-N coatings. In the
research by Feng et al. [47] oxynitriding by PIII tech-
nique resulted in 5-fold reduction of wear rate com-
pared with untreated substrate. Comparing the wear
track of the implanted sample and the untreated
one, after oxynitriding the main wear mechanism
changes from adhesive to ploughing.

The traditional beam-line ion implantation (BLII)
technique was used by Díaz et al. [42] t] intr]duce
nitrogen to the surface of the Ti6Al4V alloy (Table
2). It was mentioned that nitrogen-implanted sub-
strate decreased in hardness compared with the
reference one. What is more, no significant decrease
in wear rate was observed.

According to Table 3, the lowest COF value was
]btained in wear test where lubricated by Hank’s
solution BLII N

2
-implanted Ti6Al4V coupled with Al

2
O

3

balls. At the same time, the wear rate calculated
from Eq. (1) was the greatest in this study. The low-
est wear rate under dry conditions amongst all ni-
trogen-based layers was observed by Yildiz et al.
[3] for plasma nitrided specimens.

Considering nitrogen-based coatings, we would
also like to mention the problem that was shown in
recent research by Saravanan et al. [75] on the ef-
fect of wear parameters and their effects on TiN
coated surface sliding against Ti6Al4V alloy. It has
been observed that the minimal wear mass loss is
identified at 2 N load and 0.75 m/s sliding velocity.
However, the minimum coefficient of friction was
registered with the maximum applied load and higher
sliding distance. This implies that not only mechani-
cal properties of the substrate and the coating or
the experiment setup affect wear resistance of sur-
face modified alloys, but also working conditions,
such as sliding velocity, determine performance of
coated metallic alloys.
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5. OTHER MODIFICATION
TECHNIQUES

As mentioned in the Introduction, titanium and its
alloys are characterized by poor friction and wear
properties, such as high friction coefficient, severe
adhesive wear and low abrasion resistance in harsh
or in vivo conditions [76]. In order to improve their
insufficient tribological properties, many more than
only oxidizing, amorphous carbon-based or nitro-
gen-based layers modification techniques are used.
In this chapter the less-p]pular ]r, t] the auth]rs’
best knowledge, not proven to be biocompatible,
but promising for application in the mechanical in-
dustry surface modification techniques will be pre-
sented.

Over the past few years, boriding, a diffusion-
based thermochemical treatment has been increas-
ingly used to improve the performance of biomedi-
cal ferrous and non-ferrous alloys [77,78]. Boriding
titanium alloys may be beneficial for biomedical
applications due to the high hardness and excel-
lent wear of titanium borides [79], but according to
Campos-Silva et al. [78] literature lacks information
about the biocompatibility of these films.

In the research by Lee et al. [79] it was pointed
out that wear rate of titanium balls coated with a
dual layer boride (TiB

2
 + TiB) mated against alu-

mina was 40 times less than that of alumina balls
mated against alumina. The borided material wore
by an abrasive process, resulting in a relatively
smooth wear surface. However, the research was
conducted in the light mineral oil, which is not suit-
able for use in biomedical applications. Excellent
anti-wear properties of borided films were also proven
by Atar et al. [11] and Qin et al. [15]. According to
Atar et al. [11] the wear mode of borided titanium
alloy changes from ploughing to polishing. The au-
thors stressed that borided Ti6Al4V exhibit supe-
rior tribological performance in both dry and lubri-
cated conditions (Table 4). Moreover, Qin et al. [15]
stated that boriding of Ti6Al4V alloy results in sig-
nificant improvement of its tribological properties,
resulting in about 35 times greater wear resistance
compared to the uncoated alloy coupled with co-
rundum ball.

The other group of popular anti-wear coatings
are Cr-based thin layers, which are already in use
for machining tools [80], mainly of Cu-, Al-, and Ti-
based alloys [81]. According to the literature, the
most popular ones, CrN coatings, are character-
ized by good thermal stability, sufficient corrosion
resistance and high toughness [82]. However, its
usage in wide variety of biomedical applications is

limited due to its relatively low hardness [81] and
concerns regarding toxicity of chromium [83]. To
improve wear performance of CrN coatings on
Ti6Al4V alloy, multilayers are often formed [82,84].
In the research by Chang et al. [82], it was stated
that the CrN/Cr transitional coatings are character-
ized by good anti-abrasive properties and high mi-
cro-hardness. However, in their study wear tests
lasted for 5 minutes, what corresponds to total slid-
ing distance of 4.8 m. Nie et al. [84] deposited rutile
on the surface of Ti6Al4V alloy in order to act as
load-bearing interphase in CrN/TiO

2
 composite coat-

ings. It was stressed that relatively hard CrN coat-
ings need an intermediate support layer on soft sub-
strates (e.g. Ti alloys) for wear-related applications.
According to the authors, the duplex process of re-
active unbalanced magnetron sputtering of CrN and
micro-arc oxidation results in significant decrease
in wear Ti6Al4V alloy. However, a relatively high wear
rate (5.69×10-4 mm3/Nm) of CrN-coated reference
specimens was observed after 500 m of sliding dis-
tance. On the contrary, superior anti-wear proper-
ties of CrN coatings were presented in the research
by Yang et al. [81]. After 2000 m of total sliding
distance, CrN layer deposited on Ti6Al4V alloy ex-
hibited higher dry sliding wear resistance even than
TiN coatings. Nevertheless, the authors stated that
the best anti-wear properties were obtained for
CrTiAlN nanolayered coating (Table 4).

6. CONCLUSIONS

In this paper, an attempt to systematize and sum-
marize surface modification techniques applied on
Ti6Al4V alloy during the last 15 years and their im-
pact on its wear resistance has been made.
Amongst all the results discussed in this study, the
lowest wear rates in tribological tests are observed
for amorphous carbon layers. Although it is described
in the literature, that DLC and ta-C coatings are
unable to follow plastic deformation of titanium al-
loys under high loads, after deposition on Ti6Al4V
alloy they exhibit superb anti-wear performance even
without application of transition layers or introduc-
ing selected atomic elements. In comparison with
other surface modification methods suitable for bio-
medical products, carbon-based amorphous layers
provide reduction of wear rate oven of few orders of
magnitude. Nevertheless, it ought be stressed that
DLC layers deposited electrochemically are not
suitable for orthopedic applications due to very high
COFs when mated against alumina.

On the other hand, far worse anti-wear perfor-
mance is exhibited by the nitrided titanium alloy or
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by the extremely popular in orthopedic applications
coatings formed during oxidizing processes. How-
ever, their anti-wear properties are strongly depen-
dent on surface modification process parameters.
For example, coefficient of friction of oxide coatings
formed in plasma electrolytic oxidation (PEO) pro-
cess mated against AISI 52100 steel can vary from
0.2 to 0.8. On the other hand, plasma nitrided
Ti6Al4V is characterized by relatively high (>0.4),
but stable COFs. Nonetheless, wear of nitrided sur-
faces is two orders of magnitude lower than that of
lubricated N

2
-implanted surfaced, despite of their four

times higher COFs and work in dry conditions.
Moreover, our study showed that high variety in

experiment conditions can be observed. Experiments
are carried out in setups such as ball-on-disc, ball-
on-flat, flat-on-cylinder, ball-on-plate, pin-on-disc,
amongst which the most common one (ca. 90% of
all research) is ball-on-disc. Nevertheless, it is vir-
tually impossible to compare volumetric wear or wear
rate of tribological systems when conditions of the
experiments vary dramatically. Even if the same fric-
tion couple, e.g. AISI 52100 vs. PO Ti6Al4V, is ana-
lyzed in two separate studies, the counter speci-
mens can be of different diameters, specific loads
are applied, sliding speeds or number of cycles dif-
fer significantly.

In view of provided information, the described
durability, efficiency and reliability of anti-wear coat-
ings strongly depend on the research methods and
experiment conditions. Taking into account safety
of the patients, it is recommended to develop uni-
fied and as close as possible to the actual operat-
ing conditions standards for wear tests of surface
modified biomedical alloys, especially the ones used
in orthopedic applications.
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