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ABSTRACT

The formation of a tribological layer (i.e., tribolayer) affects friction and wear behavior during sliding. The mechanisms
involved can be better understood by the characterization of this layer. The wear corrosion behavior of Ti-6Al-4V was
studied using a reciprocating ball-on-flat tribometer at a frequency of 1 Hz and under normal loads of 1 N, 5 N, and
15 N against an alumina ball for 3600 cycles of sliding in a phosphate buffer saline (PBS) solution. Scanning Electron
Microscopy (SEM) images, along with EDS analysis showed a greater coverage of a tribolayer under a normal load
of 15 N. Transmission electron microscopy (TEM) studies indicated that a tribolayer with thickness up to 1000 nm,
consisting of nanograins with diameters of less than 10 nm, formed on the deformed wear surface of Ti-6Al-4V under
a normal load of 15 N. This protected tribolayer, under normal loads of 5 N and 15 N, resulted in a decrease of 40% in
the coefficient of friction and a 15-20% reduction in the specific tribocorrosion rate compared with that at the lower

applied load.
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1. Introduction

The wear process in a corrosive medium,
known as tribocorrosion, often accelerates
material removal, leading to a loss of the material
functionality [1]. In human body joints, bio-
tribocorrosion is a key mechanism that degrades
metallic implants and reduces their lifespan [2].
Ti-6Al1-4V is a commonly used metallic material
in the biomedical field, particularly for joints
application. Moreover, this alloy is being used
in chemical processes as well as in the marine,
aerospace, and automotive industries [3]. The
passive film, formed under non-sliding conditions
is easily disrupted by tribological action, resulting
in direct contact between the tribopair [4]. The high

adhesion between a titanium alloy and its mating
surface is attributed to the alloy’s high ductility
and four free electrons in the valance band [5].
However, during sliding, a tribological layer can
be formed on the material, altering its tribological
properties.

For instance, Nedfors et al. reported [6] a
reduction in the coefficient of friction due to the
formation of B,O,/H,BO, tribolayer on the wear
surface of 316L stainless steel coated with NbB,
thin films. Additionally, Qi et al. [7] found that the
thickness of the tribolayer on Ti-6Al-4V increased
as the applied potential raised from 0.95 V to
+0.5 V in a phosphate buffer saline (PBS) solution
containing Bovine Serum Albumin (BSA). This
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tribolayer protected the surface and reduced the
material removal rate. Moreover, Yazdi et al. [8]
showed that the formation of an oxygen diffusion
layer (ODL) on Ti-6Al-4V through a thermal
oxidation process led to a thicker tribofilm under
high Hertzian contact stress in a PBS solution
compared to the base material. They attributed the
formation of the thick tribofilm to the lower plastic
deformation in the ODL layer compared with
Ti-6Al-4V during sliding.

Studies have shown that metallic implants can
endure different stresses by changing the type of
motions, such as walking, running, ascending
or descending stairs, as well as the displacement
of the implant itself [9,10]. Additionally, the
formation and characteristics of tribofilms can be
affected by numerous factors, including applied
load, sliding speed, ambient solution, tribological
pair, and sliding distance. This research paper
investigated the effects of applied normal load
(i.e., contact stress) on the tribological behavior
of Ti-6Al-4V in a PBS solution. The objective of
this work is to characterize the tribological layer
formed on Ti-6Al-4V in a simulated body fluid
using scanning and transmission electron
microscopies (SEM & TEM) and to enhance
the understanding of the correlation between the
presence of tribolayer and tribocorrosion behavior
of the alloy.

2. Experimental procedure
2.1. Materials

As-received Ti-6Al-4V plate was wire cut to
obtain plane specimens with dimensions of
10 x 6 x 4 mm. The specimens were mechanically
polished using SiC emery paper with 80 to 1000 grit
sizes, and then ultrasonically cleaned with distilled
water and acetone. An alumina ball with a diameter
of 5 mm and hardness of 1670 HV was used as the
mating surface.

2.2. Tribocorrosion tests

To simulate the sliding process in a hip joint,
a reciprocating ball-on-flat tribometer with a
stroke length of 6 mm was designed and built.
Tribocorrosion tests were performed under normal
loads of 1 N, 5 N, and 15 N against an alumina
ball. These normal loads were selected to simulate
various states of Hertzian contact pressures (730 up
to 1800 MPa), which can occur in body joints [9].
The frequency of reciprocating motion was set to
1 Hz, resulting in a sliding speed of 12 mm/s. More
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details of the tribometer setup were reported in a
previously published paper [11].

The tribocorrosion tests were conducted under
open circuit potential (OCP), i.e., without imposing
any potential, in a phosphate buffer saline (PBS)
solution, which consisted of 8.0 g NaCl, 1.15 g
Na,HPO,, 0.2 g KCl, and 0.2 g KH,PO, dissolved in
one liter of distilled water [12]. Prior to the sliding
process, the tribopair remained in a PBS solution
under the OCP condition for 15 minutes to achieve
a steady state condition. The sliding process was
performed for 1 h (ie., 3600 cycles) and each
test was repeated at least three times to ensure
the repeatability of the results. Following each
tribocorrosion test, the tribopair was ultrasonically
cleaned for 6 minutes with distilled water.

2.3. Characterization

The worn area was measured at three different
locations along the wear track using a contact
profilometer (T-8000 HommelWerke). The average
crosssectional worn area was multiplied by the
stroke length of 6 mm to determine the volume
of material removed due to the sliding process. To
measure the microhardness of Ti-6Al-4V and wear
surfaces, a load of 25 g was applied using a Vickers
indenter for 10 s (HV, ), and an average of three
measurements was reported. The wear surfaces
were analyzed by a scanning electron microscope
(FEI Model Quanta, FEG 450) equipped with
energy-dispersive X-ray spectroscopy (EDS).
A JEOL JEM2200FS transmission electron
microscope (TEM) was used to characterize the
tribolayer formed under a normal load of 15 N. The
TEM sample was prepared as a crosssection of the
wear track parallel to the sliding direction using a
gallium focused-ion beam (FIB) (Dual Beam SEM,
FEI Model Quanta-FEG 450). In this method, the
focused beam was scanned across the wear surface
to prepare a TEM electrontransparent film by
removing a material above and below the region.
This film contained the region of interest and was
milled to a thickness of about 100 nm. A platinum
layer was also deposited on the wear surface
through a chemical vapor deposition (CVD)
technique in the vacuum chamber of SEM to
protect the initial surface atomic layers during the
milling process. Bright-field transmission electron
microscopy (BFTEM), scanning transmission
electron microscopy with EDS elemental mapping,
and selected area electron diffraction (SAED)
patterns were utilized with an accelerated voltage of
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200 kV. Notably, the SAED patterns were obtained
using a SAD aperture with a diameter of 10 nm.

3. Results and discussion
3.1. Tribological behavior

Fig. 1 shows the tribocorrosion and specific
tribocorrosion rates of Ti-6Al-4V under normal
loads of 1 N, 5 N, and 15 N. According to
Archard’s wear law, the material removal rate (i.e.,
tribocorrosion rate) is directly proportional to
the applied normal load [5]. As such, the specific
tribocorrosion rate, which indicates the severity of
the material removal rate at various loads, should

be constant. However, this specific tribocorrosion
rate decreased about 15-20% as the normal load
was increased to 5 N and 15 N.

Fig. 2 depicts the variation of coeflicient of
friction (COF) over 3600 cycles of sliding of
Ti6Al6V against an alumina ball under normal
loads of 1 N and 15 N. The COF trend exhibited
a lower amplitude of oscillation under the higher
normal load of 15 N. Notably, the COF trend
observed under a normal load of 5 N was similar
to that at 15 N. The figure indicates that the mean
coefficient of friction decreased by 40% from
0.55 to 0.33. The results could suggest a change
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Fig. 1- Tribocorrosion and specific tribocorrosion rates of Ti-6Al-4V under normal loads of 1 N, 5 N, and 15 N.
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Fig. 2- Variation of coefficient of friction (p) of Ti-6Al-4V sliding against alumina ball in PBS solution under
normal loads of 1 N and 15 N.
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in the nature of the interface, possibly due to the
work-hardening effect and/or the presence of a
tribological layer under the higher normal load.

To better illustrate the changes in the wear surface
under various applied normal loads, backscattered
and secondary SEM images of the wear surfaces of
Ti-6Al-4V after 3600 cycles of sliding are shown
in Figs. 3a-f. The backscattered electron images
in Figs. 3a, ¢, and e reveal a higher coverage of
darker patches (ie., tribological layers) as the
applied normal load was increased to 15 N. Table 1
presents the EDS analysis of the regions identified

BSE image

1SN

in Fig. 3. The presence of oxygen in the darker
regions in Fig. 3e indicates that the tribolayers were
oxidative in nature. During the sliding process, the
surface temperature due to frictional heating can
be estimated using Archard’s surface temperature
estimation [13]. The calculations indicate a surface
temperature rise of only about 12 °C (i.e., a surface
temperature of about 37 °C) when Ti-6Al-4V
slides against an alumina ball under a normal
load of 15 N at a frequency of 1 Hz. However, the
sliding process may lower the activation energy
required for the formation of chemical compounds.

SE image

Fig. 3- SEM images of wear track of Ti-6Al-4V after 3600 cycles of sliding against alumina ball in PBS solution under
normal loads of 1, 5, and 15 N. Two-headed arrows show the sliding direction.
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Emission of exoelectrons (EEEs) released during
tribomechanical and chemical action [14-17]
could lead to the formation of oxide patches (i.e.,
tribolayer) on the sliding surface of Ti-6Al-4V,
even at such a low temperature (Fig. 3). Moreover,
the sliding process and mechanical perturbation
can enhance the diffusion rates of ions by creating
defects such as voids, dislocations, and vacancies,
which contribute to the formation of the tribolayer
on the wear surface [5].

The fluctuations in the coefficient of friction
trend were due to the adhesion between Ti-6Al-4V
and the alumina ball [18]. The presence of oxide
patches (i.e., darker regions) reduced both adhesion
and amplitude of friction oscillation between the
mating surfaces. The oxide patches contributed to a
reduction in adhesion between the mating surfaces.
The oxide, due to a low shear strength and limited
junction growth, reduced the coeflicient of friction
under applied normal loads of 5 N and 15 N.

Figs. 3b, d, and f indicate the formation of
grooves on the wear surface of Ti-6Al-4V under
normal loads of 1 N, 5 N, and 15 N. This is due to
the low hardness (initially 325 HV) and high plastic
deformation, which is originated from sufficient
slip systems existed in Ti-6Al-4V alloy [18]. The
presence of oxide patches and grooves suggests that
plastic deformation and oxidative wear were the
primary mechanisms under normal loads of 5 N
and 15 N. However, the occurrence of ploughing
in Fig. 1b indicates that the plastic deformation was
the dominant wear mechanism at the lower normal
load of 1 N.

Substrate

After 3600 cycles of sliding under a normal
load of 15 N, the plastic deformation resulted in
approximately a 30% increase in hardness, from
325 HV on the undeformed Ti-6Al-4V substrate to
about 425 HV on the wear surface. This increase
in hardness was likely due to the formation of
tribolayer and the work-hardening of Ti-6Al-4V
during the sliding process [19]. The features of
the tribolayer and sublayer will be discussed in
the next section. Additionally, the higher coverage
and durability of the tribolayer (i.e., oxide patches)
on the wear surface under a normal load of 15 N
resulted in a reduction of the specific tribocorrosion
rate (i.e., Fig. 1b), the amplitude of oscillation
in the coefficient of friction trend, and the mean
coeflicient of friction (Fig. 2).

3.2. Characterization of the Tribolayer

A TEM slice with a thickness of about 70 nm
was extracted from the wear track of Ti-6Al-4V
after 3600 cycles of sliding under a normal load of
15 N, using the focused ion beam (FIB) method.
Fig. 4a shows a STEM image of the cross-sectional
wear surface, which was obtained parallel to the
sliding direction. The image reveals a tribolayer
roughly 1000 nm thick on the wear surface.
Figs. 4b and ¢ show the EDS elemental maps for
oxygen and titanium, respectively. The EDS maps
indicate a high concentration of oxygen in the
top tribolayer, confirming the corresponding EDS
analyses presented in Table 1, derived from Fig. 3.
This suggests that a much greater thickness of the
tribolayer was formed during the sliding process, in

Fig. 4-a) STEM image of the prepared cross-section of wear track of Ti-6Al-4V after 3600 cycles of sliding against alumina ball in PBS
solution under a normal load of 15 N; b) and c) corresponding EDS elemental maps of oxygen and titanium, respectively.

132



Rahmatian B, J Ultrafine Grained Nanostruct Mater, 57(2), 2024, 128-134

contrast to the 6 nm passive TiO, film on Ti-6A1-4V
under non-sliding conditions reported in previous
studies [20,21].

Figs. 5a and b show the SAED patterns of regions
1 and 2, as specified in Fig. 4a. Region 1 islocated in
the tribolayer about 100 nm from the wear surface,
while region 2 is located in the substrate about
400 nm below the tribolayer. The SAD aperture
with a diameter of 10 nm was used to obtain the
SAED patterns. The continuous diffraction rings
in Fig. 5a could suggest the formation of numerous
nanograins, each less than 10 nm in diameter,
within the tribolayer. Similarly, the ring patterns
in the SAED pattern from region 2, beneath the
tribolayer (Fig. 5b), could also indicate the presence

of nanocrystalline grains in the Ti-6Al-4V subsurface.
This suggested the development of a work-hardened
layer during sliding, which enhanced the support
of the tribolayer. The increased hardness of the
wear surface compared to the base alloy (Ti-6Al-
4V) was attributed to this work-hardened layer.
The formation of ring patterns, along with the
elongated diffraction spots, could be the result of
a severe non-homogenous deformation in contact
regions established during the sliding process [22].

The SAED patterns facilitate the identification
of phases present in the material. The d-spacing, or
interplanar distance, is inversely proportional to the
distance between the diffracted spot and the central
beam. Table 2 lists the d-spacing values obtained

Table 1- EDS analysis of regions specified in Fig. 3

Element (at. %) Ti Al A% P (o]
1 90.8 7.8 0.5 0.2 0.7
2 68.0 9.7 0.8 0.6 20.9
3 88.1 104 1.5 0.0 0.0

Fig. 5- SAED pattern of a) region 1, located in the tribolayer, 100 nm away from the wear surface, and b) region
2, about 400 nm below the tribolayer located in the deformed Ti-6Al-4V substrate indicated in Fig. 4.

Table 2- d spacing obtained according to the SAED pattern in Fig. 5a and corresponding Miller indices of the possible phases in the
tribolayer compared with ICDD (International Centre for Diffraction Data)

obtained d-spacing

Ti (a) Ti () TiOa Ti203

from SAED
1% Ring 2.280 (101) (110) (200) (113)
ond Ring 1.355 (103) 211) (301) (208)
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from Fig. 5a, along with the corresponding Miller
indices of the phases present in the tribolayer.
Comparing these d-spacings with the miller
indices obtained from the ICDD (i.e., International
Center for Diffraction Data), suggested that the
tribolayer consisted of TiO, (rutile), Ti,O,, aTi, and
B-Ti phases.

4. Conclusions

This research paper investigates the tribological
behavior of Ti-6Al-4V/alumina tribopair over 3600
cycles of reciprocating sliding in a PBS solution under
normalloads of 1 N, 5N, and 15 N. Additionally, the
wear surfaces were analyzed by SEM and TEM. The
following findings can be drawn from this study:
1. Increasing the applied load resulted in the
formation of a tribolayer with greater coverage on
the wear surface.
2. EDS analyses showed that the tribolayer formed
during sliding in PBS solution was rich in oxygen.
3. The formation of the durable tribolayer
significantly decreased the coefficient of friction
and reduced the severity of the tribocorrosion
process.
4. TEM study demonstrated that a tribolayer with
a thickness of up to 1000 nm formed on the wear
surface of Ti-6Al-4V under a normal load of 15 N.
5. The SAED patterns indicated that the
sliding process induced the formation of two
nanostructured layers with grains less than 10 nm:
(1) tribolayer, and (2) deformed Ti-6Al-4V region
beneath the tribolayer.
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